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Preface 
This thesis presents research conducted between 2013 and 2016 under the Engineering and Physical 
Sciences Research Council’s (EPSRC) Doctor of Engineering (EngD) scholarship. This thesis fulfils the 
requirements of an EngD degree at the Institute of Environmental Design and Engineering (IEDE) at 
University College London. The research was based at Modus Services Limited and HCP Social 
Infrastructure UK, the industrial sponsor for the doctorate. Funding for the research was obtained from 
EPSRC and Modus Services Limited, London. 
The key component in the award of the EngD and the core of the research lies in solving significant and 
challenging engineering problems within the industrial context. The thesis is underpinned by the risk 
theme and discusses approaches to decision-making with reference to the life management of assets. 
Risk-based approaches as applied to the life management of air-handling units and their subcomponent 
parts are discussed in this thesis. Papers and conferences have been produced/attended as a by-
product of the ongoing research over the years. The earlier papers and conferences attended pointed 
to the primary topic of artificial intelligence algorithmic control of the air-handling units; however, the 
trajectory of the work altered during the first year of the EngD to incorporate risk, currently seen as the 
core concern of the industrial sponsors business. The papers are referenced within the thesis where 
necessary. 
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Abstract 
A Private Finance Initiative (PFI) is a way of establishing Public-Private Partnerships (PPP) by funding public 
infrastructure projects with private capital investment. The election in 1979 of a Conservative government under 
Margaret Thatcher marked the start of a still-continuing shift of activities away from the UK public sector. PFI was 
implemented in the UK for the first time in 1992. 
HCP is an award winning PFI asset-management company and, as part of the EngD course, the researcher has 
spent a large amount of time based at HCP. HCP stands for Healthcare Projects, and this thesis presents an 
alternative, combined-methods research approach to one of the most mechanically complex asset types under 
HCP’s management, in its largest healthcare facility. The research presents a risk-based approach to the 
operational lifecycle planning of 113 air-handling units at a central London hospital. The two components to the 
project are engineering risk (How likely is the asset to fail?) and contractual risk (What are the financial 
implications of such a failure?). Currently, these assets are modelled by HCP on a ‘strategic’ level, but using CIBSE- 
recommended guidance and part-failure data collected from six other UK-based hospitals, the Physical Asset 
Lifecycle Model (PALM) produces a funding profile for the replacement of the 1,247 internal components, as 
opposed to 113 bulk assets. The numerical model has also been visualised through the extraction of 3D BIM 
geometry into a geometrical-modelling tool (Rhino5) and computational plug-in (Grasshopper) to connect to the 
lifecycle model and visualise the replacement strategy proposed. The qualitative part of the combined-methods 
approach involved interviewing HCP Management board members as to their views on the models. 
The current profile adopted by HCP for the management of the air-handling units involves a £6.045m spend during 
the remaining 33-year concession period. The main findings of the PALM lifecycle model are that, based on a 
component-level replacement approach, this figure can be reduced by more than £1m based on a recommended 
replacement profile (£4.709m). Such a reduction can be based on how HCP currently manages its assets, and the 
engineering survey conducted showed that three air-handling units currently being life-cycled by HCP either had 
no components or were decommissioned prior to construction. The main findings of the PALM geometrical model 
(based on thematic-interview analysis) are that such a tool has largely been unseen in the industry before and it 
displays major translatability to other complex mechanical assets with component parts. It can also be integrated 
into HCP business propositions for new and existing clients in the future because of its clarity and ability to 
produce transparent lifecycle modelling from a decision-maker’s point of view. 
The research concludes that while the PALM model provides a glimpse as to how lifecycle modelling may be 
conducted in the future, a number of barriers to its implementation remain (namely data availability in a 
competitive environment, the time versus income generated business-case paradigm and a generational ability to 
change and accept technological advancements amongst senior decision-makers). 
 ix 
 
Acknowledgements 
 
I would like to thank Professor Michael Pitt (UCL), Mr Peter McLennan (UCL) and Dr Michael Emes (UCL) for their 
help and encouragement throughout this thesis. 
I would also like to thank Ms Chrysa Varna (Troika), Dr Sean Hanna (UCL) and Ms Martha Tsigkari (Foster+Partners) 
for their assistance at times throughout the past four years. 
Thanks to Modus Services Ltd, HCP Social Infrastructure UK and the Engineering and Physical Sciences Research 
Council (EPSRC) for their generous support throughout. 
Thanks to the Engineering Doctorate Board members who critically appraised and nurtured the progress of this 
research, namely Mr Paul Francis (Modus Services Limited), Mr Terry Rolfe (Skanska), Mr Wayne Partington 
(Modus Services Limited), Professor Michael Pitt, Mr Christian Betts (Modus Services Limited), and my fellow 
Engineering Doctorate candidates Mr Ruhul Amin (UCL/ Skanska) and Mr Kieran Mulholland (UCL/ HCP). The only 
two other people who truly know the degree to which we apply ourselves.  
I would like to thank Alan Brazil (of Alan Brazils Sports Breakfast), Adrian Durham and Darren Gough (of Drivetime), 
and Andy Goldstein, The Gouldfather and Jason Cundy (of The Sports Bar) and the rest of the team at talkSPORT 
for keeping the morale high throughout.  
Finally, I would like to thank my parents and brothers, Mr Driss Nabil, Mrs Alison Nabil, Mr Tariq Nabil and Mr 
Shakir Nabil for their tremendous support and patience during my time spent in this bubble. I love you all and this 
is for you.
 x 
Table of Contents 
STATEMENT OF ORIGINAL AUTHORSHIP .......................................................................................................... II 
KEYWORDS .................................................................................................................................................... VI 
PREFACE ........................................................................................................................................................ VI 
ABSTRACT .................................................................................................................................................... VIII 
ACKNOWLEDGEMENTS .................................................................................................................................. IX 
LIST OF FIGURES ............................................................................................................................................. 13 
LIST OF TABLES .............................................................................................................................................. 15 
LIST OF EQUATIONS ....................................................................................................................................... 15 
LIST OF ABBREVIATIONS ................................................................................................................................ 16 
CHAPTER 1. INTRODUCTION .......................................................................................................................... 18 
1.1 RESEARCH PURPOSE WITHIN A PRIVATE FINANCE INITIATIVE .................................................................................... 18 
1.2 THE RESEARCH PROBLEM .................................................................................................................................. 21 
1.3 AIM AND OBJECTIVES ....................................................................................................................................... 24 
1.4 RESEARCH STRUCTURE AND CHAPTER LAYOUT ...................................................................................................... 25 
CHAPTER 2. ASSET MANAGEMENT AND LIFE CYCLE COSTING ........................................................................ 28 
2.1 INTRODUCTION ............................................................................................................................................... 28 
2.2 WHAT IS ASSET MANAGEMENT? ........................................................................................................................ 28 
2.3 THE FACILITY CONDITION INDEX ......................................................................................................................... 33 
2.4 ALTERNATIVES TO THE FCI................................................................................................................................. 34 
2.5 LIFECYCLE COSTING .......................................................................................................................................... 36 
2.6 NEW RULES OF MEASUREMENT ......................................................................................................................... 38 
2.7 SERVICE LIFE ESTIMATION ................................................................................................................................. 40 
2.8 DATA SOURCES, REQUIREMENTS AND METHODS FOR ESTIMATING ASSET SERVICE LIFE................................................. 49 
CHAPTER 3. THE ROLE OF RISK IN LIFECYCLE COSTING AND SERVICE LIFE PREDICTION .................................. 53 
3.1 INTRODUCTION ............................................................................................................................................... 53 
3.2 CIBSE’S PERSPECTIVE ON RISK ........................................................................................................................... 56 
3.3 MEASURING AND ESTIMATING ASSET LIFETIME ..................................................................................................... 64 
CHAPTER 4. VISUAL MODELLING – THE TRANSITION FROM CONSTRUCTION TO OPERATIONAL LIFE CYCLE 
MODEL........................................................................................................................................................... 69 
4.1 INTRODUCTION ............................................................................................................................................... 69 
4.2 BUILDING INFORMATION MODELLING - THE ‘WIDE’ AND THE ‘NARROW’ ................................................................... 69 
4.3 REACHING BEYOND IBIM - BIM INTEROPERABILITY DURING THE OPERATIONAL LIFECYCLE STAGE .................................... 73 
4.4 PARAMETRIC GENERATIVE DESIGN: RHINO MODELLING AS A METHOD FOR VISUALISING LIFECYCLE COSTING ................... 82 
CHAPTER 5. RESEARCH METHODOLOGY AND DESIGN ................................................................................... 87 
5.1 DECISIONS INFORMED FROM LITERATURE PRIOR TO UNDERTAKING RESEARCH METHODOLOGY ....................................... 87 
5.2 THE PHYSICAL ASSET LIFECYCLE MODEL FRAMEWORK ............................................................................................ 88 
5.3 THE PROPOSED RESEARCH APPROACH: THE QUANTITATIVE FRAMEWORK................................................................... 90 
5.4 THE PALM METHODOLOGY .............................................................................................................................. 94 
5.5 HCP1 – THE CASE STUDY HOSPITAL BUILDING ..................................................................................................... 95 
5.6 HCP UK DATA ............................................................................................................................................... 97 
5.7 LIFETIME DATA ............................................................................................................................................. 102 
5.8 THE ENGINEERING-RISK SURVEY ....................................................................................................................... 102 
5.9 THE PAYMENT MECHANISM ............................................................................................................................ 107 
5.10 HCP PART FAILURE CURVES – THE ‘RECOMMENDED’ APPROACH ......................................................................... 108 
5.11 @RISK CDFS .............................................................................................................................................. 110 
 xi 
 
5.12 THE LIFECYCLE MODEL ................................................................................................................................. 113 
5.13 PALM VISUAL MODELLING STAGES ................................................................................................................ 116 
5.14 COMPUTATIONAL ENGINE ............................................................................................................................. 125 
5.15 TOOL TESTING ............................................................................................................................................ 127 
5.16 SUMMARY ................................................................................................................................................. 128 
CHAPTER 6. RESULTS.................................................................................................................................... 129 
6.1 INTRODUCTION ............................................................................................................................................. 129 
6.2 ENGINEERING-RISK SURVEY RESULTS ................................................................................................................. 129 
6.3 PAYMECH RISK-LEVEL RESULTS ........................................................................................................................ 134 
6.4 RISK VARIABLES AND THEIR WEIGHTING ............................................................................................................. 135 
6.5 CIBSE SIMULATED DISTRIBUTIONS ................................................................................................................... 135 
6.6 HCP HYBRID DISTRIBUTIONS ........................................................................................................................... 140 
6.7 PART COSTING .............................................................................................................................................. 154 
6.8 THE LIFE CYCLE MODEL – OPTION TESTING ........................................................................................................ 157 
6.9 SUMMARY ................................................................................................................................................... 164 
CHAPTER 7. PALM’S IMPACT ON DECISION-MAKING ................................................................................... 166 
7.1 INTRODUCTION: TWO-STAGE QUALITATIVE FEEDBACK .......................................................................................... 166 
7.2 DATA ANALYSIS AND RESULTS .......................................................................................................................... 168 
7.3 SUMMARY ................................................................................................................................................... 175 
CHAPTER 8. DISCUSSION .............................................................................................................................. 177 
8.1 A COMPARISON WITH OTHER LIFECYCLE AND VISUAL MODELS ............................................................................... 178 
8.2 SPECIFIC CONTRIBUTION TO KNOWLEDGE........................................................................................................... 179 
8.3 LIMITATIONS OF THE RESEARCH ........................................................................................................................ 180 
8.4 FUTURE DEVELOPMENTS ................................................................................................................................. 183 
8.5 SUMMARY ................................................................................................................................................... 188 
CHAPTER 9. CONCLUDING REMARKS ........................................................................................................... 190 
9.1 REVISITING THE RESEARCH AIM AND OBJECTIVES ................................................................................................. 190 
9.3 CONSIDERING LIFECYCLE COSTS ........................................................................................................................ 191 
9.4 TECHNIQUES AVAILABLE FOR MODELLING LIFECYCLE DIFFERENTLY .......................................................................... 192 
9.5 UNDERSTANDING RISK.................................................................................................................................... 192 
9.6 THE IMPACT OF COMPONENT-LEVEL REPLACEMENT MODELS ................................................................................ 193 
9.7 BIM GEOMETRY AS A VISUAL AID FOR DECISION-MAKERS .................................................................................... 194 
9.8 SUMMARY ................................................................................................................................................... 194 
REFERENCES ................................................................................................................................................. 196 
APPENDIX 1. WORKFLOW CHART ................................................................................................................ 205 
APPENDIX 2. EXAMPLE AHU DRAWING ....................................................................................................... 206 
APPENDIX 3. DATA COLLECTION SHEET ........................................................................................................ 207 
APPENDIX 4. LETTER TO HCP SITES............................................................................................................... 208 
APPENDIX 5. HEAD OF ASSET MANAGEMENT CONTACT WITH HOSPITAL SITES ........................................... 209 
APPENDIX 6. INSTANCES WHERE HOSPITALS COULD NOT BE INCLUDED IN THE STUDY ............................... 210 
APPENDIX 7. CONTRACTUAL AREA WEIGHTING PERCENTAGE EXAMPLE – CARDIAC UNIT ........................... 211 
APPENDIX 8. CONTRACTUAL UNIT WEIGHTING PERCENTAGES .................................................................... 212 
APPENDIX 9. CONTRACTUAL FAILURE EVENT CATEGORIES .......................................................................... 213 
APPENDIX 10. INSTALL COMPLETION DOCUMENT ....................................................................................... 214 
APPENDIX 11. LIFECYCLE MODEL COMPONENT TAB .................................................................................... 215 
APPENDIX 12. GRASSHOPPER LOGIC DIAGRAMS ......................................................................................... 216 
 xii 
 
APPENDIX 13. AHU ENGINEERING-RISK SURVEY GRAPHS ............................................................................ 219 
APPENDIX 14. PAYMECH RISK LEVEL RESULTS ............................................................................................. 221 
APPENDIX 15. MONTE CARLO-SIMULATED DISTRIBUTIONS AND STATISTICS ............................................... 222 
APPENDIX 16. PART PROBABILITY PLOTTING ............................................................................................... 234 
APPENDIX 17. CIBSE AND HCP PART-FAILURE HISTOGRAMS ........................................................................ 236 
APPENDIX 18. EMAIL FROM ALLAWAY ACOUSTICS ...................................................................................... 244 
APPENDIX 19. CROSSTAB COST TABLE OF IN YEAR LIFECYCLE REPLACEMENTS ............................................ 245 
APPENDIX 20. CROSSTAB COST TABLE OF IN YEAR LIFECYCLE COSTS ........................................................... 248 
APPENDIX 21. PALM VIDEO ......................................................................................................................... 251 
APPENDIX 22. HCP MANAGEMENT BOARD INTERVIEW SCHEDULE .............................................................. 252 
APPENDIX 27. INTERVIEW TRANSCRIPTS ..................................................................................................... 253 
APPENDIX 24. SIMAUD PAPER ..................................................................................................................... 262 
APPENDIX 25. JCRE PAPER ........................................................................................................................... 270 
 
 
 13 
 
List of Figures 
Figure 1: Relationship diagram between MSP, SPV and the Authority ................................................................ 20 
Figure 2: Relationship diagram between MSP and SPV ........................................................................................ 20 
Figure 3: HCP current lifecycle profile for air-handling units ............................................................................... 22 
Figure 4: Industry current versus Research proposed lifecycle illustration.......................................................... 23 
Figure 5: Research Information flow diagram (adapted from Design Council, 2012) .......................................... 27 
Figure 6: Asset management system levels (IAM, 2008) ...................................................................................... 30 
Figure 7: PAS 55 Scope (above) and Management system structure (below) ..................................................... 32 
Figure 8: Whole-Life Cost, Lifecycle Cost(adapted from ISO 15686:2008) ........................................................... 36 
Figure 9: Failure distribution curve (Lair & Chevalier, 2002) ................................................................................ 40 
Figure 10: Risk appraisal lifecycle prediction pro forma, IFPI (Hurst et al., 2005) ................................................ 42 
Figure 11: Service life assessment as a multi-scale problem (Talon et al., 2008) ................................................. 48 
Figure 12: Process of selecting RSL data (BSI, 2008)............................................................................................. 51 
Figure 13: An example risk level visualisation of a supply fan component within an air-handling unit asset ..... 55 
Figure 14: The four major elements of operational risk (CIBSE, 2008) ................................................................ 58 
Figure 15: The Bathtub Curve (CIBSE, 2008) ......................................................................................................... 60 
Figure 16: Six patterns of equipment failure (SAE, 2002) ..................................................................................... 61 
Figure 17: Qualitative risk assessment (Conachey et al., 2008) ........................................................................... 62 
Figure 18: Corrosion rate (mm/year) distribution (adapted from Ujjwal et al., 2012) ......................................... 63 
Figure 19: Annual probability of failure over time graph using the corrosion damage mechanism (Ujjwal et al., 
2012) ..................................................................................................................................................................... 63 
Figure 20: Risk and resource alignment according to risk based inspection (Conachey et al., 2008) .................. 64 
Figure 21: Example decision options faced with ageing assets (Woodhouse, 2012) ........................................... 65 
Figure 22: Phases in the life of a system (CIBSE, 2008) ........................................................................................ 67 
Figure 23: (above) Narrow and Large BIM scope and (below) New vs Existing building application (Volk et al., 
2014) ..................................................................................................................................................................... 70 
Figure 24: The Bew-Richards Ramp diagram (Saxon, 2013) ................................................................................. 73 
Figure 25: Maintenance and Repairs visualisation (Akcamete, Akinci, & Garrett, 2010) ..................................... 74 
Figure 26: 2D location map for tracking assets (Shen, Hao, & Xue, 2012) ........................................................... 75 
Figure 27: Visualisation of a Chiller query (Motamedi, 2014) .............................................................................. 76 
Figure 28: Evolution of Construction Schedule Generation and Visualisation (Kabir, Sadiq, & Tesfamariam, 
2013) ..................................................................................................................................................................... 77 
Figure 29: The hierarchy of the structure of part of the currently defined elements (Dalton & Parfitt, 2013) ... 79 
Figure 30: The Atrium Enterprise Asset Management System (Atrium, 2014) .................................................... 81 
Figure 31: BIM connection with EAM (Atrium, 2014) ........................................................................................... 82 
Figure 32: Sun Path and Show simulation in Rhino (Ercan & Elias-Ozkan, 2015) ................................................. 83 
Figure 33: Distribution node for multi service trunking system (adapted from Fouchal, Hassan, & Loveday, 
2012) ..................................................................................................................................................................... 83 
Figure 34: Grasshopper organisation for performance-based parametric design explorations (Ercan & Elias-
Ozkan, 2015) ......................................................................................................................................................... 84 
Figure 35: The quantitative and intuitive presentation of structural form and cost by dashboard (Wu & Shih, 
2014) ..................................................................................................................................................................... 85 
Figure 36: PALM Architecture diagram ................................................................................................................ 89 
Figure 37: UK map showing facilities considered in the data collection and scope of the study ......................... 98 
Figure 38: Diagram to show top down route to making contact with the project HFM operations team ........... 99 
Figure 39: example invoice from HCP 2 .............................................................................................................. 101 
Figure 40: Asset and part lifetimes (CIBSE: Guide M, 2012) ............................................................................... 102 
Figure 41: Engineering risk appraisal -lifecycle replacement proforma ............................................................. 105 
Figure 42: The surveying team using the engineering risk pro forma when surveying HCP1 ............................ 106 
Figure 43: Cooling coil simulated cumulative density functions ........................................................................ 112 
Figure 44: Data transfer flow diagram from BIM model to Geometrical model ................................................ 117 
Figure 45: AHU components (left) and NRM3 hierarchy .................................................................................... 118 
Figure 46: Possible paths of BIM creation and chosen path based on BIM availability ..................................... 118 
Figure 47: The Assembled model ready for import ............................................................................................ 119 
 14 
 
Figure 48: HCP1 Air-handling unit geometrical model including ductwork and casing ...................................... 120 
Figure 49: HCP1 Air-handling unit model including ductwork and excluding casing .......................................... 121 
Figure 50: HCP1 Air-handling unit geometrical model inclusive of 1,247 components ..................................... 122 
Figure 51:2nd floor plant room AHU risk level visualisation .............................................................................. 124 
Figure 52: Component level condition view -AHU 36S ....................................................................................... 124 
Figure 53: Stream 1 logic diagram ...................................................................................................................... 126 
Figure 54: Engineering Risk Survey Results Graphs 1 to 5 (AHU1 to AHU DE05) ............................................... 132 
Figure 55: AHU37AS and 37BS -two empty air-handling units posing no lifecycle risk (black) .......................... 132 
Figure 56: Time to replacement versus probability graph.................................................................................. 135 
Figure 57: Cooling and frost coil failure distributions ......................................................................................... 138 
Figure 58: Motor histogram................................................................................................................................ 141 
Figure 59: AHU component part probability plot based on data collected from HCP hospitals (cooling and frost 
coil data points) .................................................................................................................................................. 143 
Figure 60: Cooling and Frost Coil Hybrid distribution ......................................................................................... 145 
Figure 61: Heating and run around coil hybrid distribution ............................................................................... 146 
Figure 62: Control panel hybrid distribution ...................................................................................................... 147 
Figure 63: Fan (supply and extract) hybrid curve ............................................................................................... 148 
Figure 64: Humidifier hybrid curve ..................................................................................................................... 149 
Figure 65: Inverter hybrid curve ......................................................................................................................... 150 
Figure 66: Motor hybrid curve (CIBSE &HCP) ..................................................................................................... 151 
Figure 67: Shut-off damper hybrid curve ........................................................................................................... 152 
Figure 68: Interquartile cost-ranges for AHU components ................................................................................ 156 
Figure 69: Alternative lifecycle funding profiles graph ....................................................................................... 160 
Figure 70: Cumulative profiles (Options 1,2,3,4 & C) ......................................................................................... 161 
Figure 71: Option 1 -Recommended lifecycle profile stacked component graph .............................................. 162 
Figure 72: Option 2 -Conservative lifecycle profile stacked component graph .................................................. 162 
Figure 73: Option 3 -Balanced lifecycle profile stacked component graph ........................................................ 163 
Figure 74: Option 4 -Optimistic lifecycle profile stacked component graph ...................................................... 163 
Figure 75: Types of research interviews (Tashakkori & Teddlie, 2003) .............................................................. 167 
Figure 76: Example PALM model report output ................................................................................................. 171 
Figure 77: AHU Risk level visualisation (Stream 1) ............................................................................................. 172 
Figure 78: AHU Component level view (Stream 2 -AHU system component replacement viewer -linked to 
lifecycle model) ................................................................................................................................................... 173 
Figure 79: AHU Component level view (Stream 3 -AHU gradient system component replacement viewer -linked 
to lifecycle model) .............................................................................................................................................. 174 
Figure 80: Overheads graph ............................................................................................................................... 182 
Figure 81: Relationship between air flow and AHU width.................................................................................. 186 
Figure 82: Relationship between AHU volume and motor rating ...................................................................... 186 
Figure 83: Relationship between air flow and AHU volume ............................................................................... 187 
Figure 84: Relationship between air flow and motor rating............................................................................... 187 
Figure 85: Relationship between air flow and front surface .............................................................................. 187 
  
 15 
 
List of Tables 
Table 1: Condition definitions............................................................................................................................... 21 
Table 2: HCP current lifecycle profile key metrics and statistics .......................................................................... 22 
Table 3: ISO 55000 levels of granularity (descriptions adapted from Woodhouse, 2012) ................................... 31 
Table 4: FCI Condition Scale .................................................................................................................................. 34 
Table 5: Alternative Models ................................................................................................................................. 34 
Table 6: 'Worst case' scenario planning (adapted from Hughes et al., 2005) ...................................................... 43 
Table 7: The seven categories according to the factor method (ISO 15686:2008) .............................................. 44 
Table 8: Grades, descriptions and guidelines for grading in-use conditions of factor categories (BSI, 2008) ...... 47 
Table 9: Schema and Schema Languages (Eastman et al., 2011) ......................................................................... 78 
Table 10: BIM Exchange Format Definitions (adapted from ISO 16739:2013) ..................................................... 78 
Table 11: Summary of quantitative, qualitative and mixed method approaches ................................................ 90 
Table 12: Component breakdown and manufacture ........................................................................................... 96 
Table 13: Methodology used to predict life (adapted from ISO 15686:2008)...................................................... 97 
Table 14: Hospitals for inclusion in the study based on qualification matrix ..................................................... 100 
Table 15: Risk exposure factor category and description for surveyors’ use ..................................................... 106 
Table 16: Number of part failures recorded ....................................................................................................... 108 
Table 17: Number of AHUs within each hospital included in study ................................................................... 109 
Table 18: Distribution risk levels for lifecycle model decision-making ability .................................................... 112 
Table 19: Model overview aspects table ............................................................................................................ 113 
Table 20: Part replacement curve model - component tab descriptions ........................................................... 115 
Table 21: Data stream inputs and outputs ......................................................................................................... 127 
Table 22: CIBSE recommended lifetimes and conversion to hourly data ........................................................... 137 
Table 23: Simulated lifetimes converted from hours to years ........................................................................... 139 
Table 24: Results from the Anderson Darling Test and Regression analysis ...................................................... 144 
Table 25: A table showing the mixture of HCP and CIBSE data points ............................................................... 144 
Table 26: Cooling and frost coil statistics ........................................................................................................... 145 
Table 27: Heating and run around coil statistics ................................................................................................ 147 
Table 28: Control panel statistics ....................................................................................................................... 148 
Table 29: Fan (supply and extract) statistics....................................................................................................... 149 
Table 30: Humidifier statistics ............................................................................................................................ 149 
Table 31: Inverter statistics ................................................................................................................................ 150 
Table 32: Motor Statistics ................................................................................................................................... 151 
Table 33: Shut-off damper statistics ................................................................................................................... 153 
Table 34: Lifecycle distribution results table ...................................................................................................... 153 
Table 35: Box-plot of part cost data samples and descriptive statistics ............................................................. 156 
Table 36: Key statistics across all options ........................................................................................................... 158 
Table 37: Alternative lifecycle funding profiles .................................................................................................. 160 
Table 38: Cumulative profiles table .................................................................................................................... 161 
Table 39: Thematic chart .................................................................................................................................... 168 
Table 40: Overheads statistics ............................................................................................................................ 182 
Table 41: Financial budget differences according to options ............................................................................. 193 
List of Equations 
Equation 1: The Facility Condition Index Formula (Rush, 1991) ........................................................................... 33 
Equation 2: Estimated service life formula ........................................................................................................... 46 
Equation 3: Estimated service life formula (environmental conditions ignored) ................................................. 46 
Equation 4: Estimated service life formula (function level).................................................................................. 46 
Equation 5: Risk formula (Moss, 2002) ................................................................................................................. 55 
 
 16 
 
List of Abbreviations 
AHU Air-Handling Unit 
AIM Asset Information Modelling 
AMP Asset Management Plan 
ANN Artificial Neural Network 
ARMA Auto-Regressive Moving Average  
B&ES Building and Engineering Services Association 
BIM Building Information Modelling 
BIS Department of Business Innovation and Skills 
BM Building Maintenance 
BVM Building Valuation Model 
CAPEX Capital Expenditure 
CAVE Computer Automated Virtual Environment 
CBA Cost-Benefit Analysis 
CBR Case Based Reasoning 
CD Current Deficiencies  
CRV Current Replacement Value 
DL Design Life 
DM Deferred Maintenance 
DoI Department of Industry 
EAM Enterprise Asset Management 
EFCI Extended Facility Condition Index 
EngD Engineering Doctorate 
ESL Estimated Service Life 
FCI Facility Condition Index 
FMEA Failure Modes Effect and Analysis 
FMECA Failure Modes Effect and Criticality Analysis 
FNI Facility Needs Index 
FRR Facility Revitalisation Rate 
HVAC Heating, Ventilation and Air Conditioning 
IAM Institute of Asset Management 
IFPI International Facilities and Property Information  
KM Knowledge Management 
KPI Key Performance Indicator 
LC Lifecycle 
LCAM Lifecycle Actuarial Model 
MC Monte Carlo 
MEP Mechanical and Electrical Plant 
MPM Mathematical Parametric Model 
MSP Management Service Provider 
MTBF Mean Time Between Failures 
MTTR Mean Time To Repair 
NACUBO National Association of College and University Business Officers  
NFCI Normalised Facility Condition Index 
NPV Net Present Value 
 17 
 
NRM New Rules of Measurement 
OCC Observational Catch-up Cost 
OPEX Operational Expenditure 
PFI Private Finance Initiative 
PPM Planned Preventative Maintenance 
PPP Public Private Partnership 
PreFCI Preliminary Facility Condition Index 
ProjFCI Projected Facility Condition Index 
PSC Public Sector Comparator 
RBI Reliability Based Inspection 
RCA  Root Cause Analysis  
RCM Reliability Centred Maintenance 
RI Requirements Index 
RM Reactive Maintenance 
ROCC Roll-Over Catch-up Cost 
RPI Retail Price Index 
RSL Remaining Service Life 
RUL Remaining Useful Life 
RV Replacement Value 
SAM Strategic Asset Management 
SF Square Feet 
SMM Standard Method of Measurement 
SPV Special Purpose Vehicle 
SRM System Renewal Method 
TCC Transitional Catch-up Cost 
UFCI Updated Facility Condition Index 
UK United Kingdom 
VEIV Virtual Environments Imaging and Visualisation 
VFM Value For Money 
WFCI Weighted Facility Condition Index 
WLC Whole Life Costing 
Chapter 1.  
Introduction 
18 
 
Chapter 1. Introduction 
1.1 Research Purpose within a Private Finance Initiative 
This thesis researches the risk-based life replacement of mechanical assets (specifically air-handling 
units (AHUs)) and their subcomponent parts within the operational life of a healthcare project. Life 
management, otherwise known as lifecycle replacement, falls under the umbrella of Strategic Asset 
Management (SAM) and is concerned with the efficient management of complex assets during their 
life. Mechanical and Electrical (M&E) equipment is often complex and, when installed in a high criticality 
environment such as a hospital, can experience intensive usage above and beyond expected norms. As 
a result of such usage-patterns, mechanical equipment in particular can be more susceptible to sudden 
failures and reduced life-spans. Their susceptibility to failure in conjunction with their criticality may 
have different implications to that of their non-mechanical counterparts. The issue of specific areas and 
zones within a hospital that are served by air-handling units also contributes to the complexity of the 
replacement assumption problem.  
Life replacement strategies include activities which can affect the replacement life of an asset, such as 
its runtime and its priority within the business’ ability to ensure resilience and continuity. There are 
numerous approaches to estimating the time at which an asset should be replaced; it can be run to 
failure or replaced as part of a Planned Preventative Maintenance (PPM) policy. However, this level of 
detail is not the concern of this thesis. Instead of focusing on day-to-day operations, this thesis 
considers aspects of the operational continuum and the central focus is on those stakeholders outside 
operations with a large decision-making ability likely to affect a facility’s long-term success.  
The scope of this research project will take a Private Finance Initiative (PFI) standpoint and all research 
conducted has taken place within this environment. The PFI business model and its implications have 
been discussed widely in recent literature (Hartman, 2004; Kierulff, 2007; Reynaers & De Graaf, 2014; 
Richardson, Kefford, & Hodkiewicz, 2013; Scharle, 2002). A PFI is a way of establishing public-private 
partnerships (PPP) by funding public infrastructure projects with private capital investment. The 
contracts and structure of PFIs are unique to the construction infrastructure and facilities management 
industry. As a rule of thumb, PFI contracts are typically 25 to 30 years in length and, although contracts 
of less than 20 years or more than 40 years exist, they are considerably less common. This contract 
term length coupled with the increased usage of PFI contracts adds considerable complexity to the 
contractual process and context. PFI initiatives can contain either explicit contractual options or implicit 
options not stated in the contract. When this is considered in addition to Cost-Benefit Analyses (CBA) 
Net Present Value (NPV) criterion and external political considerations, the issue of private dynamic 
decision-making at a point in time is exacerbated because of increasing future uncertainty (Krüger, 
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2012). A number of private sector investors, usually a construction company and a service provider and 
often a bank owns a consortium, otherwise known as a Special Purpose Vehicle (SPV), as well (Zheng et 
al., 2008). Figure 1 illustrates the interconnected relationship between SPV, Authority and Management 
Service Provider (MSP) in the context of this research. The management of assets from an MSP’s point 
of view can be more appropriately illustrated through the relationship diagram shown in Figure 2. The 
research adopts the position from the standpoint of the MSP, which is an overarching organisation that 
manages the asset strategy on a portfolio-wide basis and provides a service to each individual SPV. The 
MSP provides service management in the form of creative, intelligent asset management solutions to 
the built environment by increasing efficiency and minimising risk for the client. The MSP’s successful 
provision of more robust, intelligent asset management is achieved through building close working 
relationships with project stakeholders, including public sector clients, FM providers, and construction 
and equity funding companies.  
This research attempts to develop a technique which will more accurately reflect the ongoing lifecycle 
investment necessary within a PFI-owned and operated NHS trust hospital. Previous research has been 
done in this area (Kirkham, 2002). This study is unique because it is research presented from the point 
of view of the private financiers and focuses on the lifecycle replacement strategy, known as Lifecycle 
Costing (LCC). Currently, LCC is a technique primarily used for investment decision-making at the pre-
construction phase, and often forms a large part of a financial model prior to construction. In the case 
of PFI, LCC is often assumed to be ‘flat-lined’ because prior to completion there is very little known 
about usage levels of assets that are to be installed. With completion and commencement of 
operations, more information is known about the assets, and this presents an opportunity to more 
accurately model the expected replacement life of the parts. Here it is proposed that LCC can also be 
used as a tool for investment decision-making and facility management in existing hospital estates. The 
goal is to develop a model which produces a single LCC figure as an output for 113 an air-handling units 
and a key concept within the research looks at the parts that lead to the final figure and how they can 
be altered dependent on the decision-maker’s ‘risk appetite’. The overall LCC for an air-handling unit 
can be ascertained on an asset system or component level. This model supports the latter and can 
provide a platform for future expansion to include other mechanical and electrical assets using the 
same method (i.e. the model offers high translatability of results across differing asset systems). The 
development of a set of key principles in this work enables the end user to have a more accurate view 
on the costs incurred per financial year, through associating all costs to specific asset components, 
rather than the asset system. While there may still be an under-funding or over-funding issue, the asset 
manager is more aware of what strategic decision-makers have budgeted for in any given year, 
improving accountability and providing transparency between organisational levels.  
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Figure 1: Relationship diagram between MSP, SPV and the Authority 
 
 
Figure 2: Relationship diagram between MSP and SPV 
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1.2 The Research Problem 
The research problem is centred around air-handling units within a PFI healthcare facility in Central 
London. This healthcare facility shall be known as HCP1 and is the testing facility. No-one actually knows 
what assets will fail and when, so it is commonplace for ‘allowances’ to be made in each financial year 
based on a survey process. The survey is used to identify the current performance of the estate in terms 
of physical condition and statutory compliance.  
The condition survey of the facility provides a great deal of information and constitutes an essential 
base from which maintenance and capital investment strategies can be formulated (Kirkham, 2002). 
The survey involves assessing each asset as per the categories shown in Table 1.  
 
Where A is defined as new and can be expected to perform adequately to its full normal life and D is 
defined as operationally unsound and in imminent danger of breakdown (excluding X – a supplementary 
rating to C and D). The surveyor is also required to record the remaining life of the component. This is 
an estimate and assumes that the element will continue to be maintained at the same level as in the 
past. The overall remaining life is calculated by using an average to arrive at a condition, expected 
replacement year and percentage replacement. As discussed in other research (Kirkham, 2002) this is 
a flawed approach, and does not take into account the rate of failure due to externalities and unique 
circumstances. Complex assets such as AHUs are observed non-intrusively, so their life prediction is 
done on an AHU level rather than component level.  
If an AHU costs £500,000 and it is forecast that it will have a coil replacement the following year, an 
allowance (i.e. an estimated sum of money) will be ring-fenced for that particular project. There are 
Table 1: Condition definitions 
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two issues with this current type of forecasting. Firstly, due to manufacturers’ reluctance to release 
data it is difficult to forecast exactly when a part will fail. So, many asset managers and management 
service consultancies will revert to the CIBSE Guide M. Secondly, approximate percentages of whole 
asset cost, rather than part cost, leads to confusion on the operational-level.  
 
Figure 3: HCP current lifecycle profile for air-handling units 
Table 2: HCP current lifecycle profile key metrics and statistics 
Option Scenarios Option C – Current 
Inflation rate Mean compounded RPI 
Lifecycle Expenditure (Date -Mar 2048) £6,045,470 
Lifecycle Expenditure (Date -Mar 2053) £6,045,470 
Handback Requirements £0 
Mean Lifecycle/ annum (Date -Mar 2048) £183,196 
Mean Lifecycle/ annum (Date -Mar 2053) £159,091 
Mean Lifecycle/m2/annum (Date -Mar 2048) £3.47 
Mean Lifecycle/m2/annum (Date -Mar 2053) £3.02 
Peak Lifecycle Year 2030-31 
Peak Lifecycle year foreseen expenditure £2,099,212 
Option C presents a lifecycle model funding profile for the 113 AHUs at HCP1 (Figure 3). The blue bars 
represent the lifecycle costs in-year and the orange line is the cumulative equivalent over the 
concession. The total cost of the replacement of the AHUs until the end of the contractual period is just 
over £6m. In terms of yield position, the common metrics by which a lifecycle fund is analysed are 
shown in Table 2.
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Figure 4: Industry current versus Research proposed lifecycle illustration 
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The peak amount of lifecycle works occurring in one year is circa £2.1m. The practicality of delivering 
£2.1m worth of lifecycle replacement works for the AHUs is unrealistic (over £8,000 per day). Spikes 
within a model can negatively impact the financial profile of the project from an accounting perspective. 
Having undesirable impacts with an overdrawing of capital to pay shareholders leaving potential 
shortfalls in years to come. There are also management considerations as a result of the current profile. 
The greatest lifecycle period (expected in year 30-31) is flanked by two yearly periods with less than 
half the outgoings (£721k and £567k). With space heating and ventilation expertise being a necessary 
pre-requisite for delivering the works operationally, this spike suggests an increase in staff followed by 
a removal of staff after the peak. The model does not provide a picture supportive of ongoing business 
continuity. 
The upper half of Figure 4 demonstrates the level of detail which the air handling units are currently 
surveyed (the Asset System Level) and is a visual representation of the research problem. The lower half 
of Figure 4 demonstrates a Component (or part) Level approach to lifecycle costing. A new approach, 
using new tools and new data is necessary for the advancement of asset management. 
1.3 Aim and Objectives 
Standard LCC techniques, by their very nature, neglect the long-term uncertainty that is inherent in 
such a forecasting technique. Some have argued that the scale of the data collection exercise in itself 
prohibits a more comprehensive coverage of the risk element (Kirkham, 2002). However, the data 
collection hurdle is something which must be overcome in order to build more realistic and scientific 
LCC models. This research will delve into probabilistic-based economic distributions and 3-dimensional 
interactive visualisations for the lifecycle replacement strategy of a complex asset; an air-handling unit. 
Research is carried out at a UK hospital. The rationale for using air-handling units in the research is: 
- It is a complex asset currently being lifecycle funded on an asset level. However, CIBSE 
recommends differing lifetimes for its constituent parts. 
- Previous research and experience during the research Masters (MRes) focussed on air-
handling units and so there is prior knowledge of the equipment. 
- Through direct exposure to the hospital it is understood that the air-handling units are 
run so frequently that surveying (the current technique) the internal parts of the air-
handling units is unachievable. 
The aim of the research is: 
To develop a data-driven risk-based lifecycle replacement funding model and visualisation tool to 
improve the decision-making of mechanical assets in the PFI Healthcare sector. 
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The research objectives are as follows: 
- To create a model building approach based on a detailed understanding of the PFI 
business model and context. 
- To develop a model to improve using the necessary factors to achieve the solution. 
- To build a model that can be translated and expanded to other projects in future. 
- To qualitatively collect and analyse feedback from stakeholders in the position of 
approving lifecycle works. 
This research makes a contribution to knowledge in two ways: 
- The use of new failure data establishes a lifecycle profile on a component level as yet 
unseen in the AM industry. 
- The visualisation of lifecycle works within a PFI and wider context is unique and uses a 
new modelling tool and methodology. 
1.4 Research Structure and Chapter Layout 
Chapter 1: Research Introduction, Contextual Position and Structure 
An introduction to the study discussing the relevant background of the research, the research aim, 
questions and objective arising and the main structure of the thesis are outlined. 
Chapter 2: Asset management and Life Cycle Costing 
A discussion around the area of Asset Management, key definitions, current metrics of measuring 
facility lifecycle costs and alternative methods of calculating lifecycle. 
Discusses the key costs within a facility lifecycle, from construction to disposal. Current service life 
estimation methods and data sources acceptable for building lifecycle models. 
Chapter 3: The Role of Risk is Lifecycle Costing and Service Life Prediction 
Discusses risk in the context of PFI AM. The types of risk from a management perspective to technical 
risk over time as visualised through the bathtub curve. 
Chapter 4: Visual Modelling – The Transition from Construction to Operational Lifecycle Model 
An understanding of how building information modelling can contribute beyond the construction 
phase. Alternatives to the IFC schema, retrospective BIM other interdisciplinary tools are discussed. 
Chapter 5: Research Methodology and Design 
This chapter will introduce the areas of examination within the research through a quantitative 
framework embodied as the Physical Asset Lifecycle Model (PALM).. The purpose of the chapter is to 
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present an approach developed through insight gained during literature review chapters. The PALM 
framework and it visual and statistical modelling subcomponents are discussed during this chapter.  
Chapter 6: Results 
Describes the development of the final LCC model, which will have been derived from the UK-wide data 
collection on AHU subcomponents across 6 PFI Hospital Projects. The real data collection and the 
Monte Carlo Simulation applied to the CIBSE recommended lifecycles shall form four lifecycle cost 
modelling options. The options are: 
- Option 1: The recommended approach 
- Option 2: The conservative approach 
- Option 3: The balanced approach 
- Option 4: The optimistic approach 
Chapter 7: PALM’s Impact on Decision-Making 
Discloses the results of interviews with the CEO, Business Development Director and Regional Director 
(responsible for the case study hospital) regarding the PALM tool impact on their decision-making 
ability. 
Chapter 8: Discussion 
Discusses the main contributions of the work being stated including its limitations, before moving on 
to suggestions as to how the UK PFI market and overseas markets could utilise the new tool and its 
underlying logic. The chapter will discuss limitations of the work and future developments should the 
project be conducted again. 
Chapter 9: Concluding Remarks 
Conclude and place the research within the context of current technology and industrial practices for 
lifecycle modelling and costing in the UK.  
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Figure 5: Research Information flow diagram (adapted from Design Council, 2012) 
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Chapter 2. Asset Management and Life Cycle Costing  
2.1 Introduction 
Strategic Asset Management (SAM) is an area largely unexplored because it is so finance-orientated 
and often requires an approach underpinned by fiscal, as opposed to research-based, drivers and logic. 
Over £25 billion of infrastructure re-investment is deemed to be required in the UK during the next 5-
15 years (J. Woodhouse, 2011). With the current global economic recession leaving the UK with a debt 
level of circa £180 billion in the financial year 2013-14, it is unsurprising that there is already an 
awareness of good quality asset management, moving forward. In London, the underground system 
alone requires an estimated £35 billion of reinvestment over a thirty-year period (J. Woodhouse, 2009). 
This is a massive challenge in a time of ever-increasing technological and operational advancement and 
restrictive funding constraints. Evidence shows that up to 30% of the total cost of ownership can be 
avoided by better decision-making on what to do, and when (Woodhouse, 2011). The large sums of 
money involved in the management of company assets make this area one of critical business 
importance, spanning numerous industries. One of the more advanced pieces of industrial-based 
research is that of John Woodhouses’ SALVO project. Introduced at the Institute of Asset Management 
(IAM) conference in 2010, the project is an international cross industry research and development 
project which seeks to establish best practice approaches to address key infrastructure asset 
management issues. It is an evolving process and has thus far yielded some innovative and flexible 
methods of evaluating life extension options and renewal timings (J. Woodhouse & Fiam, 2013).  
2.2 What is Asset Management? 
Publicly Available Specification (PAS) 55-1 defines AM as the ‘systematic and coordinated activities and 
practices through which an organisation optimally and sustainably manages its assets and asset 
systems, their associated performance, risks and expenditures over their lifecycles for the purpose of 
achieving its organisational strategic plan’ ((IAM), 2008). The terms ‘systematic’ and ‘coordinated’ 
refers to the time-based nature by which like-for-like replacement or renewal activities take place over 
the course of an asset’s life. The consistency and accuracy of asset activity timing is crucial and the 
terms ‘optimally’ and ‘sustainably’ (sustainably in this instance, relating to business and economic 
continuity, as opposed to environmental sustainability) hinge on the timely nature of the replacement 
interventions, and impacts on the organisational strategic plan. The organisational strategic plan is the 
upward feeding of information collected by AM based activities. It is defined under PAS 55-1 as the 
‘overall long-term plan for the organisation which is derived from, and embodies, its vision, mission, 
values, business policies, stakeholder requirements, objectives and the management of risks’ (IAM, 
2008). Until recently, the term AM was most commonly associated with financial AM (Lloyd, 2013). AM 
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in this instance is concerned with managing and guiding investments for increased fiscal returns. At this 
level, it is the responsibility of managers to communicate its benefits up and down the organisational 
chain (Lloyd, 2013). AM is a discipline spanning every level of an organisation. On a macro level, 
strategic direction from senior management (on which the survival of a business depends) is derived 
from the micro-level information gathered on the condition of the assets. This in turn underpins the 
aforementioned business objectives and management of risks to ensure business resilience and 
continuity. 
2.2.1 The Term ‘Asset’ 
The term ‘Asset’ is something which is far from precise. Different organisations, bodies and 
departments have different understandings of the term. For example, the IAM in PAS 55 defines an 
Asset as: plant, machinery, property, buildings, vehicles and other items which have distinct value to 
the organisation (ISO, 2008). The Oxford dictionary definition states an asset as being an item of 
property owned by a person or company, regarded as having value and available to meet debts, 
commitments or legacies (Oxford Dictionary of English, 2014). The ISO 55001 definition of an asset is 
an item, thing or entity which has potential or actual value to an organisation (ISO, 2014). This definition 
is far looser than its PAS 55 predecessor and these three more common references to the term ‘Asset’ 
highlight the importance of the way the word is interpreted. If an organisation is in the business of 
managing assets then its definition of the term will underpin any subsequent strategy which is derived 
thereafter. In the context of this thesis, the term ‘Asset’ is defined as an item, thing or entity which has 
value and is owned by an SPV company to whom management services are provided for the purpose 
of ensuring ongoing business continuity and contractual compliance. 
2.2.2 Asset Management and Capital Renewal 
There are different levels at which assets can be identified and managed ranging from discrete 
equipment items or components to complex functional systems, networks, sites or diverse portfolios 
((IAM), 2008). The levels which AM affect are recognised in the PAS 55 standard as illustrated below.  
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Figure 6: Asset management system levels (IAM, 2008) 
From a capital renewal perspective, organisations and corporate management teams require only the 
most top-level information for making strategic decisions. Large businesses and institutions often have   
substantial infrastructures on which their economic activity is dependent. Aging facilities entail higher 
operational costs and concomitantly, render the business less attractive to discerning clients (Reindorp 
& Fu, 2011). Capital intensive industries beyond obvious sectors such as utilities and gas are now well 
aware of the long-term financial impact of aging facilities and are constantly looking for alternative ways 
to ease the slope down the Facilities Condition Index (FCI) scale. Such circumstances leave the asset 
owner with a choice – renew or replace? Burns argues that it is rarely either practical or desirable to 
replace an entire infrastructure (Burns, 1999). Reindorp concurs with that view, and that instead of 
capital replacement, problems must be addressed by replacement of subsystems (Reindorp & Fu, 
2011). This approach is known as Capital Renewal (CR) and is essential in restoring economic value to 
physical infrastructures. Renewal decisions must balance future returns from infrastructure against 
future costs of renewal, but both of these are subject to some uncertainty (Reindorp & Fu, 2011). The 
space heating and ventilation system in HCP1 (comprising of 113 AHUs) has a foreseen expenditure of 
just over six million pounds. 
2.2.3 Asset Management Standards and Regulations 
The rising costs of renewing or refurbishing ageing infrastructure assets, in some cases compounded 
by a lack of historical investment, meant that developing more transparent ways of justifying these 
costs became increasingly important for regulators (Lloyd 2013). It can be argued that the lack of 
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historical investment has led to regulation becoming increasingly more involved in the management of 
physical assets. Until 2014, and with AM being a relatively youthful field, the three key pieces of 
legislation are recognised as being the Publicly Available Specification 55 (PAS 55-1 Specification for the 
Optimised Management of Physical Assets), PAS 55-2 (Guidelines for the Application of PAS 55-1) and 
the International Organisation for Standardisation 55000 (ISO 55000 – Overview, Principles and 
Terminology). ISO has recently released the newest suite of documents: ISO 55000, 55001 
(Management Systems – Requirements) and 55002 (Management Systems-Guidelines for the 
Application of 55001). The BSI PAS 55 and resulting ISO 55000 standard for the optimised management 
of physical assets understands that AM organisations adhere to this structure and requires 
organisations to optimise their AM plans to three levels of granularity: 
Table 3: ISO 55000 levels of granularity (descriptions adapted from Woodhouse, 2012) 
    1 The total activity programme, coordination and delivery of multiple activities across 
multiple assets (how do we optimally programme the conflicting urgencies of different 
activities to smooth resource requirements?) 
2 Integrated optimisation of an asset’s lifecycle management (what is the best combination 
of capital investment, utilisation, maintenance and life expectancy?)  
3 Individual activities on individual assets (is this job worth doing, and if so, when?)  
 
The key objective of every asset-geared organisation is to be able to successfully manage and operate 
its equipment to the fullest extent, thus maximising profit. Recapitalisation is a key theme and the 
notion of recapitalisation (the planned replacement of facility subsystems, such as roofs, utilities, 
heating ventilations and air conditioning) (Selman, 2003) is the overarching concept on which any 
legitimate AM strategy is based. Often the unit value of these combined facility subsystems (otherwise 
known as the facility replacement value) can amount to hundreds of £millions or £billions. But the 
questions remain, on what logic are these economic decisions made? How much knowledge of the 
operational process (granularity point three) do the decision-makers understand? And how is this 
information displayed? To answer these questions and understand how they can be improved upon, 
one must first understand the organisational structure and environment and the divide between those 
with influence, those with responsibility and those with neither. Until January 2014, the formal 
certification, guidance and recognition of sound AM practices was led by PAS 55 in combination with 
the IAM and incorporated the input of 49 organisations from 15 different industries in 10 different 
countries (Woodhouse, 2013). PAS 55, published in 2008 (2nd edition, 1st edition published in 2004) 
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was widely adopted as the leading document around the globe. The PAS 55 scope is concerned with 
the management of physical assets (as opposed to intangible assets) and comprises a 28-point 
requirement specification with which PAS 55-2 provides guidance on the application. The specification 
defines what is to be done, but not how and, as such, allows companies to develop effective processes 
Figure 7: PAS 55 Scope (above) and Management system structure (below) 
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that reflect the challenges in their particular business (Lloyd, 2013). The format is based on the ‘Plan, 
Do, Check and Act’ cycle of continual improvement and is aligned with further standards such as ISO 
14001:2007 (Environmental Management Systems) and OHSAS 18000:2007 (Occupational Health and 
Safety Management Systems). The document reflects the interdependent nature of AM and how each 
asset’s inter-reliability extends beyond the physical assets and considers people, information, finance 
and other intangibles in its scope. The removal of ‘silos’ and the consideration of assets in systems, 
along with the cross-functional optimisation of their lifecycles, are core principles of sound AM 
(Woodhouse, 2013).  
2.3 The Facility Condition Index 
The FCI, introduced by Rush in 1991 (Rush, 1991) and published by the National Association of College 
and University Business Officers (NACUBO), is perhaps the best known and most widely used tool for 
capital planning and decision-making (Amekudzi and McNeil, 2008). The purpose of the FCI is: 
- To assist in resource allocation decisions amongst the buildings in a portfolio, 
particularly with limited budgets which are inadequate in addressing the Deferred 
Maintenance (DM) in the facilities (i.e. priority identification). 
- To determine the annual investment rates to prevent further build-up of DM. 
- To help provide a KPI for resource allocation decision-making. 
- A mechanism for monitoring changing conditions over time. 
- A means to demonstrate the level of effort, due diligence and responsible stewardship 
to various stakeholders. 
Its extensive acceptance was down to its ability to provide a relative benchmark to compare facilities 
without discriminating between size, usage, age and any other factor.  
𝐹𝐶𝐼 =  
𝐶𝐷𝐹𝑎𝑐
𝐶𝑅𝑉𝐹𝑎𝑐
,     𝐶𝐷, 𝐶𝑅𝑉 ≥ 0 
 Equation 1: The Facility Condition Index Formula (Rush, 1991) 
The FCI is defined as the ratio of estimated cost of remedying any Current Deficiencies (CD) in a facility 
to estimated Current Replacement Value (CRV) of the facility. It is a ‘current’ measure and its 
dimensionless nature permits comparisons and benchmarking across facilities or institutions (Reindorp 
& Fu, 2011). The formula for the FCI contains a numerator which is divided into a denominator to return 
a KPI in the form of a percentage with the numerator representing the catch up costs (also known as 
the renewal or DM costs) and the denominator representing the reproduction cost (also known as the 
replacement cost) of the facility in question. There are three general classes of reinvestment which are 
key in demonstrating the value of the FCI. These three classes are as follows: 
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While it has been accepted as the leading formula in facility benchmarking, the FCI does little from a 
capital renewal perspective because it is static in nature. Aside from benchmarking, the FCI does not 
provide explicit guidance on the problem of optimal renewal timing. A deteriorating FCI only indicates 
an increasing fraction of subsystems in need of replacement (Reindorp & Fu, 2011). While the FCI is a 
useful tool for providing investment defensibility at a given point in time, this leads one to ask the 
question as to whether the technique is fully adequate in dealing with long-term investment 
forecasting. The FCI is most frequently used as a KPI to objectively quantify the physical health of a 
facility in order to make two types of comparison on the relative condition of the facility in question: a 
comparison with other facilities in the same portfolio and a comparison against the same facility at 
some point in the past. The FCI is not an absolute statement of the size of the maintenance backlog of 
catch-up work, but provides an estimate for the purpose of decision-making. In accordance with the 
original formula developed in the 1990s, the relative measure of the condition of a facility is modelled 
into a four-tiered condition scale as follows: 
Table 4: FCI Condition Scale 
Condition Value 
Good 0-5% 
Fair 5-10% 
Poor 10-30% 
Critical 30+% 
The terms ‘good’, ‘fair’, ‘poor’ and ‘critical’ are linguistic references to describe the numerical value of 
the category which best summarises the facility’s current condition. The equation shown in formula 1 
gives a decimal figure between zero and one. Translated into a percentage, a lower percentage means 
there is less deferred maintenance and the condition of the facility is healthier. The FCI is usually derived 
from building surveyors’ opinions on the installed assets’ remaining lifetime spans, according to CIBSE: 
Guide M recommendations. 
2.4 Alternatives to the FCI  
The alternative formulas for determining  capital expenditure can be classified into two classes: top-
down formulas and bottom-up formulas. Similar to the FCI, the output models form part of the 
expenditure plan in the financial analysis and forecasting of an organisation. Since the mid-1950s, a 
number of different formulas/models have been developed in an effort to derive a reinvestment rate 
for major maintenance and renewal costs at different stages in the facility lifecycle.  
Table 5: Alternative Models 
Model Description Formula Pros Cons 
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The Building 
Valuation 
Model 
A desktop method of estimating 
maintenance and renewal 
requirements as a function of the 
CRV. 
-  
𝐴𝑛𝑛𝑢𝑎𝑙 𝑀𝑎𝑖𝑛𝑡𝑒𝑛𝑎𝑛𝑐𝑒 (𝑀&𝑅)
=  𝑦% 𝑥 𝐶𝑅𝑉 
where y is the building 
constant and CRV is the 
current replacement value. In 
this calculation the CRV is 
determined by the gross floor 
area multiplied by a rate for its 
facility type. 
Easy to use 
and adjust and 
require 
minimal data. 
Accuracy is poor 
and should only 
be used as a 
general 
approximation 
for a facility 
recapitalisation 
budget. 
 
The Lifecycle 
Actuarial 
Model 
Breaks the facility down into its 
various sub-systems in order to 
establish preventative maintenance 
or repair frequencies for each sub 
system. 
𝐴𝑛𝑛𝑢𝑎𝑙 𝑀𝑎𝑖𝑛𝑡𝑒𝑛𝑎𝑛𝑐𝑒 (𝑀&𝑅)
=  
2
3
𝐵𝑉 ×  
𝐵𝐴
𝑛
 
where BV is the current 
building value, BA is the 
building age and n is the age 
weighted constants 
Dynamic, 
considering 
age weighted 
constants to 
provide up to 
date models. 
Sub system level 
means that 
components 
specificity is 
ignored. 
The 
Mathematical 
Parametric 
Model 
Made up of quantifiable variables 
and is exemplified by the NACUBO 
model (1990).  
Based on the assumption that 
annual maintenance and renewal 
funding requirements can be 
estimated with a mathematical 
equation 
Bn = (Bn-1)(1+In+Dn)+(Vn)(Pn)-Fn) 
where n is the year, B is the 
backlog, I is the inflation rate, 
D is the backlog deterioration 
rate, P is the plant 
deterioration rate, G is the 
plant growth rate and F is the 
planned funding. 
Their ability to 
accept and 
eliminate 
differing 
variables 
allows for a 
more project-
specific 
outcome. 
Complex and 
ambiguous on 
how to establish 
variables such as 
the  backlog 
deterioration 
rate. 
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2.5 Lifecycle Costing 
A lack of engagement from the FM team at the construction stage can lead to a lack of planning, post-
construction. Such a lack of engagement is because the FM team aren’t necessary at construction 
completion and so haven’t been employed at this point. In PFI, availability-based contracts which 
provide customers with the use of assets such as machines, ships, aircraft platforms, or subsystems like 
engines and avionics, are increasingly offered as an alternative to the purchase of an asset and separate 
support contracts (Settanni, Newnes, Thenent, Parry, & Goh, 2014). These contracts have a different 
type of lifecycle based on risk ownership. Lifecycle Costing’s most important use is in product analysis 
where costs expected over the asset’s lifespan are large relative to the purchase and  installation costs 
(Korpi and Ala-Risku, 2008). LCC has its roots in defence procurement practices and has been 
extensively applied across several sectors  (Brown, 1979; Korpi and Ala-Risku, 2008; Settanni, Newnes, 
Thenent, Parry, & Goh, 2014). LCC begins with identifying a long-life asset such as a building, aircraft or 
one of their constituent parts. With the asset acting as the focal point, a one-off appraisal of the 
disbursements associated with its acquisition and existence over a given time span is carried out 
(Dhillon, 2010). 
The latest ISO 15686: Part 5 – Lifecycle Costing defines the term as the cost of an asset or its parts 
throughout its lifecycle while fulfilling the performance requirements. Lifecycle Costing is the 
methodology for systematic economic evaluation of lifecycle costs over a period of analysis, as defined 
in the agreed scope (ISO, 2008a).. The ISO standard also states that LCC can address a period of analysis 
which  covers the entire lifecycle or selected stages or periods of interest thereof (ISO, 2008a). The 
following diagram shows the major cost headings of 'BS ISO 15686: 2008 Part 5 Life Cycle Costing - 
Buildings and constructed Assets - Service Life Planning' and 'PD 156865 Standardized Method of Life 
Cycle Costing for Construction Procurement (SMLCC)' : 
 
 
 
Figure 8: Whole-Life Cost, Lifecycle Cost (adapted from ISO 15686:2008) 
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2.5.1 Capital (Construction) Costs 
The SMLCC defines capital costs as Costs payable for and in connection with the initial new building 
works and/or refurbishment works (ISO 15686: 2008). The capital costs are a one-time expense for the 
construction of the facility and are separate from the ongoing management of the facility, post-
completion. In its simplest form, it is the total cost needed to bring a project to commercial and practical 
operation, inclusive of tangible goods such as the initial purchasing of plant and machinery.  
2.5.2 Renewal Costs 
The SMLCC defines renewal costs as the scheduled replacement and redecoration of major systems 
and components to form the detailed asset life cycle replacement cost programme. (ISO 15686: 2008). 
2.5.3 Operational Costs 
Previous NHS-based studies have included aspects such as cleaning, telecommunications, transport, 
laundry and portering costs (Kirkham, 2002). They relate to the ‘soft’ services involved in the running 
of the building (i.e. the costs associated with operations which are patient/client- oriented). SMLCC 
describes this cost as the cost incurred in running and managing the facility or built environment, 
including administration support services (ISO, 2008a).  
2.5.4 Maintenance Costs 
The SMLCC defines maintenance costs as scheduled and unscheduled maintenance a including planned 
preventative, corrective & inspection maintenance. (ISO 15686: 2008). 
2.5.5 Acquisition Costs 
Acquisition costs are defined as all the costs included in acquiring an asset through purchase/lease, 
excluding costs incurred during the occupation and use or end-of-life phases of the lifecycle of the 
constructed asset (ISO, 2008a). It is a broader description of the capital costs, inclusive of the land on 
which the facility is built.  
2.5.6 Nominal, Real and Discounted Costs 
The Nominal Cost is the expected price which will be paid in time, including estimated charges in price 
due to, for example, forecasted changes in inflation or deflation and technology (ISO, 2008a). The Real 
Cost is a cost expressed as a value at the base date of the model calculation including estimated charges 
in price due to forecasted changes in the efficiency and technology, but excluding general price inflation 
or deflation (ISO, 2008a). Discounted Costs are the costs resulting when a cost is discounted by the real 
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discount rate or when the nominal cost is discounted by the nominal discount rate (ISO, 2008a). 
Discounting future costs (optionally coupled with inflation estimates) is an important decision-making 
component, heavily affecting the forecasted financial impacts of lifecycle.  
2.5.7 Disposal Costs 
Disposal Costs are the costs associated with the disposal of the asset at the end of its lifecycle, including 
taking account of any asset transfer obligations (ISO, 2008a). Asset transfer obligations in this instance 
could mean bringing the assets up to a predefined contractual position as set out in the PFI PA.  
2.5.8 End of Life Costs 
End of Life costs is the net cost or fee for disposing of an asset at the end of its service life or interest 
period, including costs from decommissioning, deconstruction and demolition of a building (ISO, 
2008a).  
2.5.9 The Discount Rate 
As a rule of thumb, lower discount rates favour short-termism when assessing cash flow. This is because 
of the compounding nature of the calculation over time. As seems to be the case with many aspects of 
LCC, there appears to be a plethora of methodologies as to how the discount rate ought to be derived 
(Kirkham, 2002). However, given the very nature of PFI, it is arguable that the conventional methods of 
achieving the said figure are not appropriate. This is due to the way the contract is drawn up between 
the public and private parties. As discussed previously and shown in Figure 1, the unitary charge is split 
into three key components, one of which is lifecycle. The income stream can be deemed to be this 
figure in isolation (given that the nature of Lifecycle Costing either inadvertently affects the other 
margins of income, or perhaps not at all). So, the income payment for LCC is deemed to be a flat line. 
Based on the general notion that monetary value at present is worth more now than it will be in the 
future, the discount rate decided upon will have a huge impact on how ‘steeply’ the line descends 
downwards, particularly given the long timescales associated with PFI contracts. 
2.6 New Rules of Measurement 
The New Rules of Measurement (NRM) are produced by the RICS and provide a standard set of 
measurement rules for estimating, procuring and for the whole-life costing for construction projects. 
NRM3 is timely because the UK Government’s Construction 2025 strategy has challenged the industry 
to find a way of reducing total whole-life costs by up to 33% (RICS Construction Journal, 2015). NRM3 
is an important element of LCC because the adoption of a standard methodology facilitates consistency 
and benchmarking, thus aiding in avoiding disputes (designingbuildings.co.uk – accessed 20.04.15). The 
NRM suite consists of three volumes: 
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- NRM1 – Order of cost estimating and cost planning for capital building works 
- NRM2 – Detailed measurement for building works 
- NRM3 – Order of cost estimating and cost planning for building maintenance works 
NRM1, published in January 2009, provides guidance on the quantification of building works for 
preparing cost estimates and cost plans. It also includes guidance on overheads, profit and inflation. 
NRM2, published in April 2012, came into effect on January 1st 2013 and replaced the Standard Method 
of Measurement 7 (SMM7). NRM2 establishes measurement rules pertaining to bills of quantities and 
schedules of works for obtaining tender prices. NRM3, published in March 2014, provides guidance on 
the quantification and description of maintenance works and can be used for the initial order of cost 
estimates, cost planning and most importantly, asset-specific cost plans. NRM3 also provides guidance 
on procurement and cost control as well as information on the measurement of other items associated 
with maintenance works. A reason for the recent adoption of the change has been described as 
facilitating greater cross-industry cooperation, the integration of BIM, and effective analysis of the costs 
of construction projects (RICS, 2015). NRM 3 has been described as ground breaking in a recent journal 
article and have been cited as having the capacity to significantly reduce whole-life costs during the key 
stages of a project (RICS Construction Journal, 2015). NRM3 has been produced following extensive 
collaboration with the Building Cost Information Service (BCIS), CIBSE and the Building & Engineering 
Services Association (B&ES), and the adoption of NRM3 has expanded cost structures thereby 
endorsing the Construction 2025 strategy. The Construction 2025 strategy places emphasis on 
pertaining greater cost certainty and transparency for minimising whole-life costs. Its BIM strategy 
requires whole-life cost information to be supplied at various stages during the project lifecycle. This 
means that the NRM3 elemental cost structure is now fully aligned with industry standard PPM task 
schedules (the SFG20 spec), and the economic reference life expectancy data structure published by 
the CIBSE Guide M and the BCIS cost analysis (RICS Construction Journal, 2015). Benefits in response to 
the Construction 2025 targets will be seen by improving Lifecycle Costing protocols. NRM will realise: 
- Better informed decision-making 
- Efficiencies and Lifecycle Cost savings 
- Customer stimulation to procure and manage better 
- Improved whole-life performance 
- Evidence of whole-life performance, risk and cost benefits 
- Robust cost analysis and benchmarks and BIM cost-data drops 
The RICS article also makes specific reference to the PPP/PFI market. PPP/PFI projects are designed, 
built, operated and maintained and/or finance-based through lowest lifecycle costs and risks which 
fulfil the contractual and performance requirements. Looking at the PFI market and the more recent 
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BIM initiatives, it is clear that the industry urgently needs standardised approaches to predicting, 
assessing and reporting whole-life costings. The introduction of the new rules of measurement are 
envisaged to be a step in the right direction in terms of realising this goal (RICS, 2015). 
2.7 Service Life Estimation 
The Service Life of an asset and subcomponent impacts the WLC. This is also true in the PFI market, 
where cyclic replacement of assets coupled with fixed contractual end-dates means there is an impetus 
to ensure that replacements of high value assets do not occur at a point in time whereby there is no 
remaining time to recover the benefit through efficient service provision. Therefore, a view needs to 
be taken to establish when an asset will fail and require replacing. 
Lair & Chevaliers (2002) research involved data fusion to establish plausible, probable, and believable 
rates of failure for an asset. Depending on the stance and risk appetite a decision-maker had, the 
variance in the predicted replacement of an asset can vary considerably. Lair and Chevalier’s study 
considered two aspects in producing their results - modelling uncertainties and parameter 
uncertainties.  
 
 
Figure 9: Failure distribution curve (Lair & Chevalier, 2002) 
The international standard defines the period of analysis as the period of time over which lifecycle costs 
or whole-life costs are analysed (ISO, 2008a). The service life is the lifecycle from an engineering, asset-
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degradation perspective while the period of analysis looks at this from a commercial standpoint. A 
combination of both views is required for the development of an LCC model, and in the case of a PFI 
contract, both of these can be assumed to be the same. 
2.7.1 Life Estimation Using IFPI’s Risk-Based Lifecycle Proforma 
A set of events can be graded depending on their likelihood and the impact of the occurrence (Ujjwal, 
2011). Ujjwal cites three broad risk categories in this regard; occupational risks, societal risks, and 
financial risks. Risk-based lifecycle prediction has been published by  International Facilities and 
Property Information (IFPI - Hurst, Williams, & Lay, 2005). The method presented by the IFPI enables 
members of the construction and FM team to contribute to the predictive process. The grey areas 
indicate the parts of the data collection exercise which the team can contribute towards, although it 
should be noted that the level of analysis in this instance is still limited to an asset system rather than 
the asset-component level. The objective of the technique is to demonstrate that an estimate of the 
‘normal’ range of years between minimum and maximum life of a component or system is usually 
available from one source or another (Hurst et al., 2005). In PFI, the SPV subcontractors are usually 
privy to this information and are under no obligation to provide such data.  
The factors which cause component failure before its natural end of life can be identified via 
professional experience using the proforma as the vehicle. The IFPI’s proforma lists the most important 
of these ‘Risk Exposure Factors’. The initial objective of the system is to get a consensus view from the 
project team as to the likely impact of each of these factors on the life of the asset under analysis (Hurst 
et al., 2005). The initial step in the process involves listing the normal life range, and in the example a 
pump with an expected lifespan of between 10-30 years respectively is used. This range is inserted into 
the ‘life expectancy projection’ box and the difference between the two is the maximum amount of life 
expectancy which the ‘risk exposure factors’ can influence (Hurst et al., 2005). Having established this 
‘range of influence’, the team must next set about discussing the ‘relative weighting’ of each ‘risk 
exposure factor’ in a worst case scenario (Hurst et al., 2005). Here, professionals are being asked to 
prioritise based on their experience. If used in strategy-based decision-making, it establishes a clear link 
between strategic direction and operational delivery. In Hurst’s example, the team will be asked to 
apportion the ‘range of influence’ between the four risk exposure centres, according to their view as to 
the seriousness of the factors regarding the early failure of the component in question (Hurst et al., 
2005). 
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Figure 10: Risk appraisal lifecycle prediction pro forma, IFPI (Hurst et al., 2005) 
The pump scenario is summarised as: 
- Component  -8 
- Specification/detailing -3 
- Installation  -5 
- Local factors  -4 
- Total   = 20 years  
The total must equal the life-expectancy range. The full range of views may be averaged out at this 
stage. Alternatively, the individual views  may be pooled  for statistical processing (Hurst et al., 2005).  
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The next step in the process is ‘scenario planning’. The instance described by Hughes et al. is concerned 
with the specific circumstances of the design, installation and use of the component.  
Table 6: 'Worst case' scenario planning (adapted from Hughes et al., 2005) 
 Potential Scenarios 
Component Is it a new or untried product? Yes 
Specification/ detailing Is it an inexperienced Architectural practice? Yes 
Installation Does the contractor have little expertise in the field? Yes 
Local factors Are there abnormal environmental conditions in the area? Yes 
 
The example shown above is in the context of a new build, hence the architectural-based risk scenario. 
However, it is probable that the logic of scenario planning can be applied to the operation stage of a 
building’s lifespan, with foreseen scenarios being adjusted to suit the building lifecycle phase 
respectively. The next question is what is the ‘probability’ of the ‘worst case’ failure occurring given the 
scenario described? In the case of the view being presented in Hurst’s scenario, the probability forecast 
is a percentage likelihood: so the view is that 8 of the potential maximum 20 years lost could be down 
to component failure and that given the untried nature of the asset at the end of construction, there is 
an 80% chance that this worst case failure will occur. Others have suggested including different factors 
which might contribute to the failure of a part or component. For example, Ujjwal et al. found the 
following factors were key  (Ujjwal, 2011): 
- Current condition of the component 
- Design life consumed 
- Number of active damaged mechanisms 
- Estimated rate of damage 
- Efficiency of inspection 
- Loading conditions 
- Environmental conditions 
Consequently, it was also found that the factors’ contribution to the instance of a failure included: 
- Production loss 
- Secondary damage (knock-on effects) 
- Threat to personnel 
- Rectification costs 
- Impact on reputation 
- Redundancy 
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If an approach is to include the appraisal of specialists’ experience, the scope of these factors should 
be considered, too many may make a model unrealistic to maintain, too few may lead to inaccuracies. 
An advantage of the IFPI method is that it allows uncounted factors in traditional lifecycle prediction 
methods to be examined. A second advantage is that the proforma is constructed in a clear way which 
can be rolled out across a project, making it a useful tool if data was to be collected from on-site 
operations teams. 
A disadvantage is that service-life prediction on an annual time-step does not provide enough clarity 
on when the asset is likely to be replaced. A second disadvantage is that the approach takes a system-
level stance rather than a system component-level stance. This will translate into financial ‘allowances’ 
for the system rather than specific components when the lifecycle funding model is produced. 
2.7.2 Life Estimation Using the ISO 15686 Factor Method 
The Factor Method is a way of obtaining an ESL of a component by modifying a remaining service life 
(RSL) through considering the difference between the object specific and the reference in-use 
conditions under which the RSL is valid. The differences are classified into seven factor categories as 
shown below the factor method is a way of grouping together agents or conditions which are likely to 
affect service life. The method enables assessment when reference in-use conditions do not fully match 
the anticipated in-use conditions. Its use can synthesise  the experience of designers, observations, the 
intentions of managers, and manufacturers’ assurances (BSI, 2008). 
Table 7: The seven categories according to the factor method (ISO 15686:2008) 
Factor Factor Category Description 
A Inherent performance level Grade of component supplied 
B Design level Components installation 
C Work execution Level of skill involved in site work 
D Indoor environment Exposure to indoor agents of degradation 
E Outdoor environment Exposure to outdoor agents of degradation 
F Usage conditions Effect of use of the asset 
G Maintenance level Level of maintenance assumed 
 
There have  been a number of studies which have utilised the factor method in recent literature (Davies 
& Wyatt, 2004; Hallberg, Stojanović, & Akander, 2012; Marteinsson, 2003; Silva, de Brito, & Gaspar, 
2012). 
- Factor Category A: Inherent Performance Level - represents the grade of the 
component as supplied (BSI, 2008). 
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- Factor Category B: Design Level - reflects the component’s installation in the building 
and is typically based on the level of shelter and protection from agents provided by 
the design of the building (BSI, 2008). 
- Factor Category C: Work Execution Level - considers the level of skill in site work. It is 
based on whether the site work meets manufacturers’ recommendations and is tightly 
controlled including overseeing  issues such as asset storage, protection during 
installation, ease of installation, etc. (BSI, 2008). 
- Factor Category D: Indoor Environment - considers the exposure of the asset to indoor 
agents of degradation and their severity. The general use of the building is taken into 
account, together with relevant local aspects. Indoor and outdoor environments are 
separated and for most components, only one such factor category applies (BSI, 2008). 
- Factor Category E: Outdoor Environment - considers the exposure to outdoor agents 
of degradation and their severity. A meso-or local-level designation can be adequate 
(e.g. coastal, polluted) for this factor category (BSI, 2008). 
- Factor Category F: Usage Conditions - reflects the effect of use of the 
building/constructed asset. The specific use of the space (where the component is 
installed) and assembly construction is likely to be relevant (i.e. communal spaces 
being subject to greater wear and tear). Activities present outside the building/asset 
can also be relevant (BSI, 2008). 
- Factor Category G: Maintenance Level - reflects the level of maintenance assumed. For 
certain components which  are accessible or require special equipment for access, a 
low maintenance level should be considered (BSI, 2008).  
The Factor Method can be applied at different levels of sophistication, from a simple checklist to 
complex calculations. The level should be selected taking into account factors such as the purpose of 
the estimation, the quality of available data and models, the skill level and expertise of the users 
calculating  the estimation and resources and time available for calculation (BSI, 2008). 
ISO 15686 sets out four levels of sophistication, these are: 
1. Checklist Level 
The Checklist Level identifies the difference between the object specific and the reference in-use 
condition within each factor category. For example, an ESL equals 25 years ± 5 years, where ± 5 
years is the confidence interval. The estimation of the confidence interval should be based both on 
the confidence of data used for the estimation of the value of the ESL and on the estimated inherent 
uncertainty in the procedure of estimating this value (BSI, 2008). This is the lowest level of the 
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sophistication methods; and so requires the highest level of skill and experience of the user in order 
to obtain accurate service-life figures. 
2. Multiplication Level 
The multiplication level of estimation of the ESL should be conducted by multiplying the value of 
RSL by numerical factors A to G, each reflecting the relative dependence on the service life of the 
difference between the specific and reference in-use condition of the asset. 
𝑡𝐸𝑆𝐿 =  𝑡𝑅𝑆𝐿 × ∅𝐴 × ∅𝐵 × ∅𝐶 × ∅𝐷 × ∅𝐸 × ∅𝐹 × ∅𝐺   
Equation 2: Estimated service life formula 
Numerous factors can be considered in the equation of ESL, but that not all may be necessary. For 
example, within an AHU, the external and internal environment regarding the fan motor may be 
important; however, this may not be the case with the attenuator. So this equation may be 
condensed: 
𝑡𝐸𝑆𝐿 =  𝑡𝑅𝑆𝐿 × ∅𝐴 × ∅𝐵 × ∅𝐶 × ∅𝐷 × ∅𝐸 × ∅𝐹 × ∅𝐺  
Equation 3: Estimated service life formula (environmental conditions ignored) 
In this example, the indoor and outdoor environment is seen to have no implication on the in-use 
life of the asset, and so is removed from the calculation. It is up to the user to set or find the factor 
values of ∅𝐴… ∅𝐺 . The user can set factor values based on their degree of experience. Factor values 
are often based on known actions of the environment on specific materials or known effects of 
poor workmanship or maintenance. The user can find documented factor values of data enabling 
the calculation of these values. The method is based around the deviation of unity (1) from the 
observed RSL. A numerical factor can have a value between 0 and infinity, but should realistically 
have values close to unity. Preferably all factors should be between 0.8 to 1.2 (BSI, 2008).  
3. Function Level 
The Function Level states that the estimation of the ESL should be conducted by multiplying the 
value of RSL by an appropriate function, theta, of variables a,b…g, each of which reflects a 
dependence on the service life of the difference between object specific and reference in-use asset 
condition. 
𝑡𝐸𝑆𝐿 =  𝑡𝑅𝑆𝐿 × Ø(𝑎, 𝑏, 𝑐, 𝑑, 𝑒, 𝑓, 𝑔) 
Equation 4: Estimated service life formula (function level) 
The Function Level is a generalisation of the multiplication level and the variables are a 
generalisation of the numerical factors. 
4. Combined Level 
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An ESL may be estimated by combing the multiplication and functional level for groups of different 
factor categories, in which case the value of RSL is multiplied by one or more functions and one or 
more factors (BSI, 2008). 
The advantage of the factor method is that it allows the examination of key elements which are likely 
to contribute to variation in service life. It also provides documented consideration of the relative 
importance of each (which is something unlikely to change irrespective of time – i.e. if an AHU services 
an operating theatre, this statement is likely to be consistent throughout the life of a project and so 
aspects of the prediction method do not need to be systematically updated over time). 
The method does not indicate the seriousness of the failures, but interpretation of the results can 
suggest components whose use is ‘too risky’ without either enhancing the specification or providing 
regular condition monitoring.  
2.7.2.1 The Use of Data in the Factor Method 
BSI states that a numerical description of the reference in-use factors should be given (BSI, 2008). 
However, this is not always possible due to data deficiencies. Where this occurs, ISO recommends that 
a qualitative grading of the in-use conditions (A, B, C, F and G) within that factor should be made. Any 
qualitative information provided should be valued and interpreted to correspond to one of the in-use 
condition grades, 1 to 5. 
Table 8: Grades, descriptions and guidelines for grading in-use conditions of factor categories (BSI, 2008) 
 
Regarding the factor categories indoor environment and outdoor environment (D and E respectively), 
the reference in-use conditions for whichever factor category is applicable, or both, should be 
quantified in terms of agent intensities (very high to very low or N/A). This characterises the reference 
in-use conditions of the environments which can cause degradation. For discrete values, ranges of such 
agent intensities or standardised classes corresponding to certain ranges of agent intensities may be 
applied (BSI, 2008). 
2.7.3 Life Estimation Using Evidence Theory 
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Evidence theory is based  on the assumption that the service life assessment of an in-service building 
component can be considered as a multi-scale problem which can be defined within a multi-
dimensional discrete space, within a process which  evolves over time (below (Talon, Boissier, & Lair, 
2008)). 
 
Figure 11: Service life assessment as a multi-scale problem (Talon et al., 2008) 
Talons model deals with assessing the service life of in-service building components which are subject 
to known environmental conditions. The assessment is carried out within a multi-scale context: a 
geometric scale which ranges from the material or elemental to a building scale; a range in the 
complexity of the degradation (phenomena which varies from a single to various degradation 
scenarios); and, a range of possible performance requirements, from one function to several.  
Consideration is also  given to the time in which the process is carried out which may span from the 
design  to  management and repair stages (Talon et al., 2008). The approach comprises four facets 
(represented on four axes): 
- Axis 1 – Geometrical scale 
 Material level – PVC, concrete etc. 
 Element level – Steel beam, plastic tube etc. 
 Component level – Roof, wall etc. 
 Building level – A system of components 
- Axis 2 – Aims and concerns of the user 
 Single function – environmental analysis, lifecycle replacement etc. 
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 Multi-function – e.g. on a system level there may be acoustic, thermal and 
visual benchmarks 
- Axis 3 – Degradation mechanisms influencing service life 
 Single phenomena – corrosion, time etc. 
 Single degradation scenario as a chain of several phenomena 
 Set of degradation scenarios containing those of the greatest critical nature 
with respect to duration, probability of occurrence, and gravity of 
consequences on the considered geometrical attribute and its environment 
(Talon et al., 2008). 
- Axis 4 – The 3D ‘user solutions’ space 
 It may be considered during the design stage or during the in-service life of the 
building component, when some degradation has occurred and when, 
thereafter, degradation has come about (Talon et al., 2008). 
The Objective Point is the point chosen by the user, where the service life of the building component 
being studied is to be assessed in the user-solutions space. The Assessment Point  represents a point in 
the user solutions space which is a result of a fundamental study of the service life of the component 
or an accelerated short-term exposure test, feedback from practice, and expert opinion based on 
practical experience, a statistical model or some other such information which may provide an estimate 
of the service life of the component.  (Talon et al., 2008). 
2.7.4 FMEA and FMECA System Analysis 
On identifying the system components, the parts which may require the greatest consideration need 
to be identified by more formal engineering analyses, such as Failure Mode Effect and Analysis (FMEA) 
and Failure Mode Effect and Criticality Analysis (FMECA). The former, FMEA, identifies the component 
failure modes and the impacts on the surrounding components and the system. The latter, FMECA, is 
an extension of FMEA in that it formally ranks components (either qualitatively or quantitatively) in 
terms of their relative failure criticality (Ujjwal, 2011). It is an analytical method for determining known 
equipment failures. It takes into account the design, manufacture and working life of parts to analyse 
likely failures.  
2.8 Data Sources, Requirements and Methods for Estimating Asset Service Life 
The term Reference Service Life can be defined as the service life of a component which is known to be 
expected under a particular set (i.e., a reference set) of in-use conditions and which may form the basis 
of estimating the service life under other in-use conditions (ISO, 2008b). The term Estimated Service 
Life can therefore be deemed to be the same as the term RSL, except where those in-use conditions 
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are subject to deviation by RSL norms, following new data collection. It is generally necessary to 
determine ESL for an asset by modifying some form of RSL applicable to such a design object. Since the 
RSL is generated under conditions different from the in-use conditions to which the design object is 
subjected, it is essential to provide as much information as possible on the conditions under which the 
RSL is generated.  
2.8.1 Manufacturers’ Data 
Manufacturers of building and construction products can have in-house information concerning the 
service life and durability of their products. Occasionally, manufacturers’ data is  made public in a 
product’s declarations, or databases (BSI, 2008). The quality of this information varies and is often 
difficult to obtain because of the commercial implications of a manufacturer releasing its data, 
particularly with regard to life expectancy and warrantee periods. CIBSE states that the contractual 
chain which includes many subcontractors is particularly vulnerable because it distances the 
manufacturers and installers from the client (CIBSE, 2008). In the case of PFIs, this is particularly 
burdensome, rendering manufacturers’ data difficult to obtain. 
2.8.2 Historical Data 
Scattered empirical knowledge from previous experience and observations of similar constructions in 
similar in-use conditions should also be used (BSI, 2008). The international standard also notes  that the 
vast amount of existing scattered-quality data  constitutes an important source of information, 
especially if data generated on ISO 15686-2 is not available (BSI, 2008). The general historical data is 
not likely to be available in a good format, often containing unnecessary information or being hard copy 
only. On being assessed, it will either be formatted or discarded, depending on quality and 
completeness. ISO suggests that this formatted data should be employed as a database which can be 
added to in future, while similarly being used in a factor methodology for producing estimates for asset 
service lifetimes. Eventually, it is hoped that the process of selecting general data will become the 
process of selecting RSL data (see Figure 12). The normal route for selecting data is expected to be the 
selection of RSL data. However, initially it is necessary for many data users to resort to general data as 
the only available source of information (BSI, 2008). It is likely that due to the nature of PFIs, any 
databases developed (which will already be numerous) will be commercially sensitive and therefore not 
shared between organisations. 
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Figure 12: Process of selecting RSL data (BSI, 2008) 
2.8.3 National Building Codes 
National building codes list the typical service lives of components, and technical approval bodies can 
provide assessments of service lives in their certificates or reports of national product evaluation 
services (BSI, 2008). 
2.8.4 Selection of Service Life data 
ISO 15686:2008 stipulates that the selection of data depends on the intended end users, such as: 
- Clients 
- Owners and developers 
- Professional advisors 
- Constructors, suppliers 
- Assessor and underwriters 
- Managers of existing constructed assets 
- Other users of such data 
Service-life data should contain a general description of the material of components and data on service 
life in an indicated environment (Marteinsson, 2003). 
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Chapter Summary and Findings 
- Lifecycle modelling in PFI makes no inclusion regarding the residual value of the building 
components or materials because they are fixed term contracts of between 25 and 30 
years. 
- The current model employed assumes expenditure of just over £6m for the 113 air 
handling units.  
- The structure of the organisational context of this research is the management service 
provision of a number of ‘silos’, with silos in this instance being special purpose vehicles. 
- Hard and Soft services within the building refer to replacement engineering and planned 
maintenance tasks.  
- Stakeholders are demanding much greater transparency on how expenditure decisions are 
made, particularly concerning the assets worth investing in, exactly when and why.  
- A tool which is used for strategic-capital planning should not provide too much 
commentary on operational aspects. 
- The originality in this piece is from the understanding that at a time when competitive 
pressures forced asset managers to prioritise their maintenance, the risk-based 
methodology provides asset management with flexibility. 
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Chapter 3. The Role of Risk in Lifecycle Costing and Service 
Life Prediction  
3.1 Introduction 
The international standard on risk (ISO 31000) denotes the importance of ‘establishing the context’ as 
an activity at the start of the risk-management process. Establishing the context will capture the 
objectives of the organisation, the environment in which it pursues those objectives, its stakeholders 
and the diversity of the risk criteria (BSI ISO 31000, 2010). Risk affects all aspects of a business or 
organisation. So, the scope of risk management and assessment should be understood and aligned to 
the objectives of the organisation or the project in question. Lifecycle is where the key risks lie to a PFI 
management service provider. Controlling these risks will minimise the chance of project termination 
and maximise the chance of business continuity and stakeholder satisfaction. 
PAS 55-1 incorporates risk in its definition of AM as being the systematic and coordinated activities and 
practices through which an organisation optimally and sustainably manages its assets and asset 
systems, their associated performance, and the risks and expenditure over their lifecycles, for the 
purposes of achieving its organisational strategic plan (PAS, 2008). To a PFI contractor risk extends to 
having a deeper meaning than that of a regular in-house building maintenance team. While both face 
the operational risks one would expect with running a hospital, school or any other infrastructure, it is 
the funding route which separates the two. On top of statutory compliance issues, the SPVs need to 
ask themselves how much risk are we willing to take in running their assets? CIBSE is often used as the 
benchmark through which asset-replacement strategies are formulated. For the organisation to 
survive, exposing and controlling risks is essential (CIBSE, 2008). Organisations face internal and 
external factors which make it uncertain whether their objectives will be achieved. The effect this 
uncertainty has on an organisation’s objectives is coined as ‘risk’ (ISO 31000, 2010). With healthcare 
facilities reliance on HVAC equipment in combination with the ever-increasing application of 
technology, uncertainty looks set to stay.  
Risk management is the identification, assessment and prioritisation of risks followed by the 
coordinated and economical application of resources to minimise, monitor and control the probability 
and/or impact of unfortunate events (ISO 31000). This takes an accepting and mitigating stance on risk 
and such an understanding has formed the basis for some interesting research approaches in the area 
(Bowden & Zhu, 2010; Conachey, Serratella, & Wang, 2008; Garber, Choudhary, & Soga, 2013; 
Mommers, 2014). For all but the most basic buildings, the built environment relies to a large extent on 
the building services engineering installations (CIBSE, 2008) This reliance on building services makes it 
an area of importance contractually and therefore financially. It is also an area of interest technically 
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because often manufacturers’ data on this equipment is not distributed on the grounds of commercial 
sensitivity, and so sound logic underpinning a risk-based replacement strategy for HVAC assets is a 
valuable commodity. Woodhouse noted that the business impact (in terms of risk and performances) 
of deferring expenditure or different projects is rarely quantified, yet is essential to demonstrate and 
manage systematically the different priorities for competing investment options (Woodhouse, 2012). 
Enlightened property owners are now beginning to formally address the risk potential associated with 
the operation of their building services (CIBSE, 2008). A recent study by Bowden and Zhu looked to 
establish a multi-scale approach to portfolio methodology which enabled better reconciliation between 
measurement and design methodology using multi-variance analysis (Bowden & Zhu, 2010). It was 
deduced that while the use of path risk was logical, the method was superior because the approach 
boasted flexibility through the use of user-definable preference weightings. The usefulness of user-
definable preference ratings has been discussed in the previous chapter through the ISO 15686 ESL 
factor method.  
From the day-to-day ‘shop-floor’ responsibilities to the hub of top-level business decision-making, risk 
is a term people appreciate yet it is a difficult concept to define. In quantifying risk we might wish to 
consider the ISO/ IEC guide definition (2009), namely, the combination of the probability of harm and 
the severity of that harm (ISO 31000, 2009). Risks affecting organisations can have consequences in 
terms of economic performance and professional reputation, as well as environmental, safety and 
societal outcomes. Therefore, managing risk effectively helps organisations to perform well in an 
environment full of uncertainty.  
Risk can be considered to comprise two key components: variability (i.e. what is the variance in the 
potential outcome) and uncertainty (i.e. how sure can we be of each individual variable outcome). 
Variability, otherwise known as aleatory uncertainty or stochastic variability, is the effect of chance and 
is a function of the system, not reducible through further study or further measurement, but may be 
reduced by changing the physical system. Uncertainty, otherwise known as epistemic uncertainty or 
fundamental uncertainty, is the assessor’s lack of knowledge about the parameters which characterise 
the physical system which is being modelled (Vose, 2008). The collection of knowledge or data which 
one may amass to construct a business case based on risk is one thing, but the financial interpretation 
based on the outcomes lies solely with the decision-maker. Taleb describes unpredictable events as 
‘black swans’ and suggests that instead of trying to predict them in vain, we should adjust to their 
existence (Taleb, 2007). Where a system is life-critical or highly valued, there will always be a demand 
for the increased prediction precision of their useful life. It can be a route for minimising risk or 
allocating contingencies should undesirable events occur. 
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Risk can be defined quantitatively as the product of the consequences (C) of a specific event and the 
probability (P) over a period or frequency of its occurrence (Andrews, Moss, 2002). 
R = C x P 
Equation 5: Risk formula (Moss, 2002) 
Probability or likelihood is the extent to which an event is likely to occur. It is a real number between 0 
and 1, indicating the occurrence of a random event. It can be related to the long-run relative frequency 
of occurrence or to a degree of belief that the event will occur (Ujjwal, 2011). Risk probability can be 
defined on a ‘degrees of belief’ scale and can be expressed in rankings such as very low, low, medium, 
high and very high. Consequence is the outcome of the event. In the context of lifecycle replacement, 
consequences are always taken to be negative because the asset installed as new is used as the 
baseline. Decision-based metrics impact on the prediction of this event occurring, with consequence-
criticality levels skewing the probability figure (and therefore replacement time) nearer and further 
away from the present day respectively, based on degrees of belief as to how the asset will perform 
over time.  
Aside from being quantified, risk can also be visualised. Quantifying risk visually (Figure 13) can aid in 
stakeholder understanding of asset criticality and replacement timing. Below illustrates the concept of 
time-based risk, and the concept’s ability to be visualised using a geometrical platform supported by a 
parametric computational engine. Most importantly, below displays how the colour gradient can be 
digitally distributed across an analogue scale through mapping (see Y axis). It also shows the concept of 
how the ‘risk’ gradient can be visually expressed dependent on the criticality of the asset and 
consequently how the parametric design will be able to ‘step through’ the colour gradient dependent 
on different levels of risk.  
 
Figure 13: An example risk level visualisation of a supply fan component within an air-handling unit asset 
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3.2 CIBSE’s Perspective on Risk 
The Chartered Institution of Building Services Engineers (CIBSE) is the leading organisation for providing 
asset lifetime estimates for complex mechanical assets.  
CIBSE is the benchmark and authority on building services engineering and forms much of the guidance 
on how long assets such as air handling units will last. It publishes guidance and codes which are 
internationally recognised as authoritative, and sets the criteria for best practice in the profession. The 
institution speaks for the profession and so is consulted by government on matters relating to 
construction, engineering and sustainability. It is represented in major bodies and organisations which 
govern construction and engineering occupations in the UK, Europe and worldwide. CIBSE is the key 
driver behind the current LCC modelling process in the UK’s PFI market. According to CIBSE, risk can be 
classified into four generic categories: 
- Business 
- Design and Installations 
- Operation and Maintenance 
- Disposal 
3.2.1 Business Risks 
Business risks are related to the function carried out by the organisation and will influence the design 
of the building services from initial concept to final detail (CIBSE, 2008). Public sector clients (perhaps 
as a result of changing governments) are constantly adapting their buildings to suit new political 
protocols and agendas. From the point of view of the SPV, business risks relate to operational issues 
and from the MSP’s point of view, they relate to safeguarding the contract which the SPV is contracted 
to run. 
Organisations manage risk by identifying it, analysing it and then evaluating whether the risk should be 
modified by risk treatment in order to satisfy their risk criteria (BSI ISO 31000, 2010). The risk to life 
may be the highest priority in some of these examples, but all will include some measure of financial 
risk, either direct or consequential (CIBSE, 2008). In PFI, it is the risk of project closure (which may come 
about as a result of statutory non-compliance, financial deficit or any number of others reasons) and 
the intelligent management of assets will go a long way to ensuring this does not occur. Some 
components may be more critical than others to the overall risk to the business (CIBSE, 2008) but the 
question lies  in how these risks are identified and how they are portrayed to the decision-makers.  
The PFI contract is a subcategory of the PPP framework and is unique in the sense that it is extremely 
contractually geared. The client’s performance-brief should state the parameters within which the 
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building services will be expected to operate, taking into account both external and internal risks and 
the operation and maintenance regime necessary for the installation to continue and operate within 
the stated parameters (CIBSE, 2008). A typical PA contract will include many clauses for performance 
failures, making it a potential contender around which a risk-based approach can be based.  
3.2.2 Asset Integrity Management and Dependency Models 
Although the practise of risk management has been developed over time and within many sectors in 
order to meet diverse needs, the adoption of consistent processes within a comprehensive framework 
can help to ensure that risk is managed effectively, efficiently and coherently across an organisation 
(BSI ISO 31000, 2010). Asset Integrity Management (AIM) is a concept which incorporates risk 
management by default. Whilst a need for traditional approaches will always remain, it is increasingly 
felt that more advanced approaches are required to reflect the complexity and innovation involved in 
the assets, and to operate at an optimal level within the competitive pressures faced by asset managers 
(Ujjwal, Vadim, & John, 2012).  
One of the principal benefits of optimised lifecycle asset management and concepts such as AIM is 
improved risk management  as well as providing a clear audit trail for showing that the decisions taken 
and their associated risks have been properly analysed (PAS, 2008). Quite often, stakeholders will have 
individual agendas and will criticise any particular risk-based methodology, but it can be argued that 
given the number of stakeholders in such an environment, this is inevitable. A model which incorporates 
the entirety of the operational and strategic components within AM would be unwieldy and 
unmanageable because very few people have experience at both levels and the aptitude to manage 
and maintain such a model. Dependency modelling involves the logical mapping of risks, their source, 
and subsequent impact, should they be realised. This process maps the dependencies within an 
organisation and provides a visual tool to aid the prioritisation of resources to address key problems 
(CIBSE, 2008). The process mapping is complicated, including multiple goals and identifying multiple 
bottle-necks which often prove to be the ‘risk’ areas to business continuity. 
3.2.3 Design and Installation Risk 
The level of business risk directly influences the design and installation risk because it will determine 
the amount of investment required to design and install back-up or duplicate systems for the building 
services.  The decision to provide standby plant and whether automatic changeover is necessary will 
arise from this (CIBSE, 2008).  
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3.2.4 Operational and Maintenance Risk 
The management of operational risk is becoming increasingly important across all business sectors. 
Building managers will be well aware of the teething problems associated with the handover of new 
installations and the risks involved (CIBSE, 2008). A recent study conducted at Loughborough University 
in 2012 involved the optimisation of run-repair-replace design decision-making tools in the integrity 
management of assets with the ultimate aim of maximising the impact of money spent on mitigation 
actions (Ujjwal et al., 2012). Andrews and Moss (2002) define the term ‘expected loss’ (i.e. that which 
requires mitigation of some kind) as the product of Consequences (C) of a specific incident and the 
Probability (P) over a time period or frequency of its occurrence. It is with this basic understanding that 
the beginnings of a risk-based model can be developed. Development and implementation of 
appropriate operational risk-management controls, applicable to the buildings, facilities and resources 
which support the business, represents a significant challenge to an organisation. Management controls 
for business-critical environments need to address and evaluate four major elements: people, plant, 
processes and facilities, fully encompassing a range of hard and soft services (CIBSE, 2008). Figure 14 
illustrates the main elements of operational risk. 
 
Figure 14: The four major elements of operational risk (CIBSE, 2008) 
In order to demonstrate appropriate management and control, operational risks must first be 
identified. PFIs seek to allocate risks for design, funding, installation and operation to those best able 
to manage them, leaving the service user to get on with its business while service providers get on with 
theirs (CIBSE, 2008). Once identified, action can be taken to mitigate the risk or reduce the risk to an 
acceptable level (CIBSE, 2008). A combination of one or more equipment failures and/or human errors 
People
Facility
Process
Plant
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causes a loss of system function (Conachey et al., 2008). The maintenance programme will need to be 
developed from an assessment of statutory requirements, manufacturers’ recommendations and 
operational risk (CIBSE, 2008). In large installations, maintenance during the defect liability period may 
be included as part of the contract for the installation contractor (CIBSE, 2008), thus avoiding any 
misunderstandings about responsibility should there be a failure within the component. Warranty and 
defect periods are also components influencing strategic-decision-making. Areas of high risk, such as 
high voltage or steam systems, require special operating and maintenance skills, procedures and 
training with the use of managed permit-to-work and access requirements (CIBSE, 2008). For example, 
evaporative cooling towers are particularly associated with the risk of Legionnaires disease, which can 
be controlled only within the framework of a formal and properly managed and audited programme of 
operation and maintenance (CIBSE TM13 - (CIBSE, 2008))..  
It is necessary that an overall view of the client’s business activities and reliance on supporting 
engineering and IT services be considered so that support-system interdependency and resilience can 
be fully understood (CIBSE, 2008). It is likely that many PFI contractual arrangements will include heavy 
financial levies as a result of HVAC-related performance failures. The impact to a client’s business 
through the loss of a critical building or facility is a growing concern, and the loss of engineering services 
is the most likely and immediate cause (CIBSE, 2008). This is because engineering services provide the 
environmental conditions and ‘dynamic’ rather than ‘static’ aspects of operations. So criticality of AHUs 
and other HVAC assets becomes evident in highly complex facilities such as hospitals where the impact 
of non-compliant environmental conditions can act as a catalyst for the spread of illness and loss of 
business/reputational damage.  
3.2.5 Plant Replacement Factors and Equipment Criticality 
Equipment criticality can be graphed as a function over time. It is important to understand that 
equipment failures are not all the same. For most equipment failure modes, specific failure patterns 
are not known; fortunately, detailed knowledge is not needed to make maintenance decisions, thus 
supporting strategic-level AIM. Aspects of complex plant such as space allocation are seen as having a 
major influence on criticality. Allowing adequate space for maintenance and plant replacement is very 
important where the particular reference standard is in doubt, or plant and equipment have been 
‘shoe-horned’ into a space, a variation factor should be applied (CIBSE, 2008). This is certainly a 
component which should be considered in any risk-based model. Take for instance a chiller which 
naturally receives cool-air intake from its sides and the output heat above. If the chiller was positioned 
in a tight room, the air intake would be restricted (possibly even inducing the output of its warmer air) 
and this would have an impact on its performance, potentially leading to early failure. 
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3.2.6 The Bathtub Curve 
Future data is required for making predictions on asset failure. Conachey et al. (2008) define these 
characteristics as: 
- Wear-in failure – known as ‘burn in’ or ‘infant mortality’ failure. Decreasing failure rate: 
this occurs when the system is new and is a consequence of teething problems such as 
design and installation errors, faulty components and manufacturing faults, amongst 
other issues. 
- Random failure – dominated by chance failures caused by sudden stress, extreme 
conditions, random human errors, etc. during the ‘useful life’ of the component. 
Constant failure rate: in maintained systems, after the early failure period, the system 
will be in a settled state; random isolated faults and failures will occur, and parts which 
wear will need repair and/or replacement from time to time as part of preventative 
maintenance (Note: number and value of items could indicate its reliability). Such parts 
typically include bearings and heat-exchanger components. 
-  
- Wear-out failure – dominated by end-of-useful life issues for equipment. Increasing 
failure rate: this is the point where major components begin to fail and random failures 
increase with time. At this stage, the cost of repairs to the plant and equipment begins 
to exceed the cost of replacement. 
 
 
Figure 15: The Bathtub Curve (CIBSE, 2008) 
These three failure characteristics are exhibited in the Bathtub curve. By identifying which of the three 
equipment-failure characteristics is representative of the equipment failure mode, we can determine 
the proper maintenance strategy (Conachey et al., 2008). The same deduction can be made in terms of 
Burn in Wear out 
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determining backlog requirements against the recommended maintenance strategy and equipment-
failure characteristics. When modelling backlog maintenance requirement costs in a lifecycle model, it 
can be hypothesised that the number of failure episodes in relation to the maintenance requirements 
(and actual maintenance carried out) could be used as a good indicator of the condition of an asset at 
a given point in time. The six categories for patterns of equipment criticality are shown below. These 
are: 
- A – Bathtub Curve 
- B – Traditional Wear-out 
- C – Gradual rise with no distinctive wear out 
- D – Initial Increase with a levelling off 
- E – Random 
- F – Infant mortality 
 
Figure 16: Six patterns of equipment failure (SAE, 2002) 
Economic life means the point in time at which it is less expensive to replace the asset than repair it (or 
its subcomponent parts). There are many other reasons why plant is replaced including the fact that it 
may be approaching the end of its technological or useful life (CIBSE, 2008). Retaining plant until it 
reaches the end of its economic life may not be the best engineering solution if it has already exceeded 
its technological and useful lifespan. The Bathtub curve is empirical and has been found to apply to 
composite products, systems or sub-systems with components which are subject to wear, such as 
rotating machinery (CIBSE, 2008). Systems include major plant such as chillers, air-handling units, heat 
A – Bathtub Curve 
B – Traditional Wear-out 
C – Gradual rise with no distinctive wear out 
D – Initial Increase with a levelling off 
E – Random 
F – Infant mortality 
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pumps and lifts, etc. Therefore, by deduction, the ‘useful life’ can be interpreted as the period of time 
before the onset of increasing failure rates (the final phase). 
3.2.7 Risk Assessment 
Below illustrates a qualitative risk-assessment flow chart which is used in determining reliability targets 
in reliability centred maintenance (RCM) and reliability modelling. 
 
Figure 17: Qualitative risk assessment (Conachey et al., 2008) 
In the instance of Conachey et al. (2008), such a system was adopted in the use of maintenance planning 
and asset degradation in ships. The maritime industry has been heavily involved in such techniques 
because of the nature of the risks involved in offshore transportation. Reliability Based Inspection (RBI) 
and the structural reliability-based methods arising can assist in providing a framework for quantifying 
loading and degradation mechanisms (such as fatigue), through systematically looking at the 
probabilistic uncertainty in each damage mechanism (Conachey et al., 2008).  
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3.2.8 The Damage Mechanism 
A similar example was conducted more recently in the environmental sector. The degradation of wind 
tower structures was shown by identifying the key-damage mechanism (in this case, corrosion) which 
was monitored and graphed using the height of a recorded probability-density function. 
 
Figure 18: Corrosion rate (mm/year) distribution (adapted from Ujjwal et al., 2012) 
 
Figure 19: Annual probability of failure over time graph using the corrosion damage mechanism (Ujjwal et al., 2012) 
It models the decline of an asset over time and probabilistic modelling is a good way of illustrating the 
degradation of an asset over time. One key drawback is the scope of the study. It fails to consider the 
‘criticality’ of the asset in a set context. The corrosion damage mechanism is given to be 0.4mm because 
it forms the mean value in the entire distribution. The research is applicable and practicable because it 
provides a reasonable balance between operational information and strategic information. It does not 
discuss the details of damage models for use in probabilistic analysis. Instead, it illustrates a  
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probabilistic damage-mechanism model for the general corrosion of the wind tower (Ujjwal et al., 2012) 
allowing the remaining life of the component to be calculated. The research is not transferable to other 
asset types which do not corrode or those assets for which corrosion is not their key damage-
mechanism causing failure. This could lead to a lengthier and more bespoke data-maintenance and 
management process, should the technique be applied across an entire building – or in this instance – 
wind farm.  
 
Figure 20: Risk and resource alignment according to risk based inspection (Conachey et al., 2008) 
In Conachey’s research, the logic missing from Ujjwal’s paper is apparent because multiple resources 
and risk levels are considered. By applying and risk-assessment techniques to inspection planning, the 
operator is given a tool whereby he can justify the allocation of resources to those components with a 
higher-risk profile, and at the same time relax inspection activities for low-risk components to optimise 
and target inspection efforts (Conachey et al., 2008). The ultimate goal being that the resources are 
distributed to the area which has the most probable benefit for risk reduction.  
3.3 Measuring and Estimating Asset Lifetime 
The ability to measure and estimate lifecycle data accurately is crucial in assimilating a defensible 
business case to stakeholders. Ageing assets present some of the most challenging and critical issues 
facing asset managers. Despite the criticality and urgency of the situation, current decision-making 
practices are often subjective, inconsistent, and based on technical arguments rather than on robust 
‘business case’ justifications (Woodhouse & Fiam, 2011). Accurately evaluating asset lifespans can have 
profound effects on the recapitalisation strategy of the organisation. The term recapitalisation has a 
nuanced definition. The one which is most commonly used throughout literature can be defined as the 
planned replacement of facility sub-systems, such as roofs, utilities, heating, ventilation, and air 
conditioning (Neve. T and Selman. J, 2002). Thus, recapitalisation is a process which relies on micro-
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scale detail (the asset sub-systems) under which macro-scale decisions (recapitalisation strategy and 
planning) are made. The benefits of a logical micro-oriented strategy can be huge at the organisational 
level, and evidence shows that up to 30% of total lifecycle costs can be avoided by better decision-
making (T. Woodhouse, 2012). 
The SALVO project found that major concerns are being expressed about ageing infrastructures across 
numerous sectors and the massive amount required in capital investment. However, Woodhouse still 
reiterates that decision-making methods in managing such ageing assets are still generally highly 
subjective and inconsistent, often based on short-term affordability rather than whole lifecycle 
cost/performance criteria (T. Woodhouse, 2012).  
Risk, and whole-life cost-based decision-making is increasingly recognised as a key requirement for 
delivering and demonstrating value for money. There is a rapidly growing demand for skills and tools to 
assist in optimisation between conflicting business drivers: between capital and operating 
expenditures, between short and long-term impacts, and between costs, risks and performance (T. 
Woodhouse, 2012). 
 
Figure 21: Example decision options faced with ageing assets (Woodhouse, 2012) 
Above illustrates the uncertainty around an asset throughout an undefined period of time. The 
uncertain mix of random/external and age/use-related damage mechanisms means that no asset is 
ever the same, though its component parts may be identical. Varying deterioration rates, functional 
demand and the intermittent option to repair or upgrade at any given stage means that sound  decision-
making is key to ensuring availability and optimal asset performance. A key issue at this level of decision-
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making lies in the ability of a single tool to provide a lifecycle profile for a combination of different types 
of assets. This is because the stakeholders tasked with making such decisions are often limited in the 
amount of time in which to make a decision. Having one tool is a means of consolidating all the 
necessary information into one place, to enable more efficient decision making. In recent papers 
(Richardson, Kefford, & Hodkiewicz, 2013; Ujjwal, Vadim, & John, 2012), damage mechanisms as in the 
case of the corrosion of a wind turbine are described. The problem with this is that it cannot be scaled-
up to apply to a facility because the level of detail is too granular. What about assets with components 
which do not corrode? Thus, for organisational strategy to be successful, it is essential to be able to 
create a single tool providing justifiable outputs across a multitude of assets.  
3.3.1 Economic Life Factors and End of Economic Life 
CIBSE defines an economic life factor as being an integral part of Lifecycle Costing and should be used 
when replacing plant items and components at intervals which, for the purpose of prediction, should 
be the economic life factors (CIBSE, 2008). For the purpose of prediction, a replacement forecast 
strategy based on a yearly profile is both manageable and defensible. The question must be asked as 
to what data these cycles comprise which will ultimately contribute to the financial model used to gain 
acceptance. CIBSE provides guideline estimates for HVAC equipment in terms of their replacement 
cycles, but stipulates that the information is only a guide. It is up to individual organisations to be able 
to formulate their own lifecycle profiles and edge away from the dependence on CIBSE. 
Selman states that the useful lifespan of a typical industry-owned facility is about 30 years. However, 
most buildings are designed for 50 years, and most building subsystems have far shorter design lives 
(Selman, 2003). This explains the lengthy duration of contracts under the PFI scheme (up to 30 years or 
more), and the acceptance that the client naturally wants risk mitigation throughout the entire lifespan 
of the facility. A recent article by Presnak talks in detail about life extension of assets and how the 
benefits of a successful extension are real and quantifiable to the organisation. The underlying goal of 
life extension is to determine the technical and economic feasibility of continued plant operation while 
maintaining or improving availability, efficiency, operation and maintenance, and safety. When a 
decision is made to extend a unit’s service life, a systematic component evaluation can be used to select 
systems for evaluation, identify repair or replacement options, estimate the cost for the potential 
repairs and replacements and perform a cost benefit analysis (Presnak & Yee, 2014). CIBSE states that 
a system may comprise many plant items and components with various individual lifecycles, and this 
approach should ensure that a system operates at optimum performance (CIBSE, 2008). In too many 
of today’s new and retrofit projects, short-term thinking and a lack of rigorous financial assessment 
results in the irrevocable loss of opportunity for sound financial returns. Although not all high 
performance strategies have a financial basis, many that do are often overlooked (Roberts, 2014). WLC 
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is a valuable technique which is used to assess the cost performance of constructed assets. It is used as 
a tool for identifying options where there are alternative means of achieving the client’s objectives and 
where those alternatives differ not only in their initial costs but also in their subsequent operational 
and life-care costs (CIBSE, 2008). Whole-life costing in this instance is an approach to take when 
preparing a lifecycle profile because it can incorporate the long-term thinking and financial awareness 
needed to provide investors and stakeholders with a valid replacement strategy. CIBSE Guide M 
(Maintenance Engineering and Management) identifies the lifecycle phases of a system as being: 
- Acquisition 
- Use and Maintenance 
- Renewal and Adaptation 
- Disposal 
 
Figure 22: Phases in the life of a system (CIBSE, 2008) 
The design life should be defined in the brief, and the estimated service life should be at least as long 
as the design life. Maintenance will be required for certain items to achieve the predicted/estimated 
lifespan. The estimation of service life takes account of the period during which the asset is intended 
to be used for its function or business purpose. This period will dictate the period of analysis of the 
WLCs and may dictate the design life for major assets and components (CIBSE, 2008). Kirk and Dell’Isola 
define the economic life, technological life, and useful life of an item as: 
- Economic Life – the estimated number of years prior to the item outliving its economic 
life expectancy (the least expensive method of performing its function).  
- Technological Life – the estimated number of years until new technologies render an 
item obsolete. 
- Useful life – the estimated number of years during which an item will perform its 
function according to some established performance standard. 
It is important that contractual and legal documentation clearly defines the basis of the life factors used 
to minimise misunderstanding and possible future disputes between the parties scheduled in the 
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documentation (CIBSE, 2008). CIBSE states that their economic life factors are based on a good 
standard of maintenance and the hours of plant operation 
 
 
 
Chapter Summary and Findings 
- The ISO 15686 suite and standardised method for life cycle costing (SMLCC) provides the 
most well rounded and standardised method for structure a lifecycle model. However, 
these standards do not consider how data built in this way can be translated and 
represented in a visual model. 
- The Bathtub curve dictates that typically mechanical equipment goes through a ‘wear in’ 
stage, where equipment failures are high, prior to finding operational stability. 
- Risk-based inspection is something of an operational activity, currently there is no middle 
ground research within lifecycle costing that falls between simplicity and the justifiable 
outputs. 
- Lifecycle models consider the ISO guidance with regards to service life data selection.. 
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Chapter 4. Visual Modelling – the Transition from 
Construction to Operational Life Cycle Model 
4.1 Introduction 
Current post-construction studies on building information modelling (BIM) focus on transferring 
information from the design and construction phases to the operations phase by enabling, creating, 
and capturing digital facility information throughout the facility lifecycle (Akcamete et al., 2010).  
Currently available FM systems are not benefiting from the 3D visualisation capabilities that BIMs 
provide and the topological relationships between the components already available in them 
(Akcamete et al., 2010). This is largely down to the level of priority of BIM and FM in organisations. The 
impact of such modelling on asset intensive organisations’ (such as the PFI industry) ability to manage 
PPM and lifecycle has potential.  
4.1.1 Moving BIM into Operational Lifecycle Planning - the Concept’s Key Benefits 
Modelling asset information and visualising its output through parametric and generative design has 
produced a number of advantages for stakeholders; these include: 
- Offering a new, alternative representation of asset management and investment 
planning data for all stakeholders. 
- An improved grasp of proposed renewal timings of key assets for all stakeholders 
(particularly those stakeholders with little or no technical knowledge) through asset 
visualisation. 
- Partnering with existing Strategic Asset Management reports 
- Validating the work of industry professionals. 
- Improving how corporate level capital expenditure planning is justified. 
- Evaluating the validity and viability of proposed concession period replacement 
schedules. 
- Component level replacement scheduling and viewing. 
4.2 Building Information Modelling - the ‘Wide’ and the ‘Narrow’ 
BIM is defined by international standards as the ‘shared digital representation of physical and functional 
characteristics of any built object which forms a reliable basis for decisions’ (ISO 29481-1, 2010).  
BIM can be both narrow and broad-dimensioned. BIM in the narrow sense is modelled to fulfil specific 
required functionalities (e.g. maintenance (Hajian & Becerik-Gerber, 2010)); so when applied to existing 
buildings, the functionality-related level of detail (LoD) determines the technical specification of the 
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data capture, processing and BIM-model creation (Volk et al., 2014). BIM in the narrower perspective, 
described as ‘little bim’ by Jernigan (2007), takes a focused view of the virtual model itself and its ability 
to act as a central repository for information related to the required tasks at hand (Donath, 2008; 
Eastman, 2011; Watson, 2011; Redmond et al., 2012) and its subsequent model creation issues 
(Cerovsek, 2011). A narrower BIM perspective has the benefits of providing functionality for a given 
task. This is useful in utilising the ISO 29481 standard definition of a BIM model, since the applications 
for such a tool can be vast and can contain unnecessary data.  
 
 
Figure 23: (above) Narrow and Large BIM scope and (below) New vs Existing building application (Volk et al., 2014) 
The creation process of BIM models is different depending on where the building in question sits within 
its lifecycle. For new buildings, BIM is created in a process over several stages including the inception, 
brief, design and production stages (Case I). As BIM is not yet used by all AEC/FM stakeholders in the 
building lifecycle, some create isolated BIM solely for a designated, single purpose (Volk, Stengel, & 
Schultmann, 2014). Cases II and III in the lower diagram of the above diagram apply different design 
approaches. If the BIM model already exists, Case II suggests the existing model should be updated and 
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adapted to fulfil the desired needs. Where the BIM model does not exist, an ‘as built’ BIM model should 
be created. More than 80% of all buildings in Europe were built before 1990 (Economidou et al., 2011), 
and the vast majority do not have building documentation in BIM format (Armesto, 2009). This leaves 
Case III as the only available option, and one which is rarely undertaken unless some financial or other 
benefit can be gained. If implemented, reverse engineering processes (‘points to BIM’) help in 
recapturing building information (Valero et al., 2011; Klein et al., 2012). The problem with this method 
is that retrospective BIM often does not capture information pertaining to components of complex 
assets which much of the PFI sector’s SPVs manage.  
4.2.1 The Application of BIM in New and Existing Facilities 
Depending on the project requirements, BIM application with architectural, structural and fabricational 
functionality is needed (Volk et al., 2014). It is possible that the entire building lifecycle could be 
modelled with the aid of BIM, but this often leads to diminishing returns as many of the phases in the 
building lifecycle pose risk to different parties. The specific functionalities of a potential model should 
be outlined prior to facility construction so that such an issue can be avoided. Functionalities are either 
inherent in 3D, 4D, or 5D BIM, or they are attached to BIM as independent expert applications. Expert 
functionalities use the underlying BIM data to support, extend, calculate or simulate specific business 
requirements. Results are either reintegrated into BIM or reported separately (Volk et al., 2014). 
Functionalities are based on process maps which describe the logical flow of information and activities 
as well as stakeholders’ roles within a particular functionality; (Redmond, 2012). Questions such as what 
the model shows, why the information is displayed in the way it is, and how this impacts on the business 
are all key questions which any model should take into consideration based on the specific 
requirements outlined prior to the design. According to a recent paper (Volk, Stengel, & Schultmann, 
2014), BIM has been used in recent years for a variety of purposes, such as clash detection, construction 
progress tracking and quality control. Comparatively little explicit research has been conducted in the 
field of asset replacement and LCC visualisation. There are two reasons for this: the first being that 
asset-based visualisation tools would contain commercially sensitive information which a company may 
not wish to release. The second reason is that BIM is often used as a complementary tool, and in the 
context of AM and LCC there has been no link between an expert piece of strategic asset-management 
software and BIM itself. For new buildings, model creation of the ‘as planned’ BIM is done in an 
interactive, iterative process with commercial design or planning software and allows updating to ‘as-
built’ BIM  (Case I, Volk et al., 2014). ‘As planned’ BIM is a dynamic and forward facing process with 
updates included on an as-needed basis. The advantage of this is that the information level included in 
the model is lean. However, with the advent of 3D modelling technology being so recent, it has often 
been the case that the initial construction of a building has either pre-dated BIM or was an early adopter 
Chapter 4. – Visual Modelling –  
The Transition from Construction to Operational Life Cycle Model 
72 
 
of it, and was therefore unable to afford and benefit from the latest technological advances on offer. 
Since many existing buildings have insufficient, pre-existing building documentation, either a pre-
existing BIM is updated (Case II) or a ‘points to BIM’ process is performed (Case III) for grouping and 
modelling actual building conditions (below right part – Leite, 2011). There is a clear distinction 
between new and existing buildings. The three cases differ in their potential modelling effort. In most 
existing buildings, insufficient building information and no available pre-existing BIM leads to the Case 
III process being applied (Volk et al., 2014). 
4.2.2 Operational Lifecycle Management within the Bew-Richards Ramp 
The government has created stepping stones for the industry in setting the goal of Level 2 working by 
2016 (Figure 24). Level 2 surmounts the difficult changes required to move into more integrated 
working. Leading practitioners are already working beyond Level 2 and early-adopter projects are in 
progress to test concepts which can move beyond Level 2 (Saxon, 2013). Level 3 (not currently within 
the scope of the government’s 2016 plans) refers to iBIM. This will be cloud-based, and the software 
may be made available to users as a cloud-based service. This will remove the users’ need for short-life, 
high-end work stations and fixed annual software costs: users would pay as they use it (Saxon, 2013). 
However, beyond iBIM lies an area which has been discussed in little detail. Existing building 
requirements, such as cause effect and deterioration modelling, (Asen & Motamendi, 2012) have not 
yet been considered. This is because, coupled with existing estate (beyond Level 3), a paradigm shift 
occurs where static skills needed for the construction phase modelling (i.e. clash detection) are 
replaced by dynamic skills (e.g. yearly visualisation of asset degradation). The future of BIM is 
significantly within the UK’s potential to steer. It would be greatly to the UK’s advantage to be proactive 
at government and business levels to exploit our potential as leaders in BIM (Saxon, 2013). 
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Figure 24: The Bew-Richards Ramp diagram (Saxon, 2013) 
4.3 Reaching beyond iBIM - BIM Interoperability during the Operational 
Lifecycle stage 
4.3.1 BIM in the Operational Life of a Facility 
Throughout the lifecycle of a facility, the largest portion of expenditure occurs during the operational 
phase (Liu et al., 1994; Clayton 1999) and less than 15% of the total cost is incurred during design and 
construction. The longest phase of the lifecycle operations constitutes approximately 60% of the total 
cost (Teicholz, 2004). Reactive maintenance and replacement tasks can cost three to four times more 
than the same activity, if it were to be planned (Mobley, 2008; Sullivan et al., 2004). The opportunities 
for leveraging BIM for facility operations are compelling and yet utilisation of BIM during building 
operations is lagging behind BIM implementation for design and construction (Akcamete, Akinci, & 
Garrett, 2010), despite higher costs and seemingly higher wastage in the latter of the two lifecycle 
stages. Although the AEC industry started making some savings in the early stages of facility lifecycle, 
with faster delivery and change orders through usage of a virtual modelling and analysis approach, 
(Smith, 2007, Valentine and Zyskowski, 2009), there is an opportunity to net greater savings during the 
operations phase (Smith, 2007). Yet with such savings on offer, the industry seems reluctant to change, 
perhaps because around 90% of buildings do not currently have a BIM model to build upon and the 
cost associated with being a ‘visionary’ or ‘early adopter’ is perceived as too risky. 
A study into the utilisation of BIM in the operations and maintenance lifecycle stage was conducted by 
Akcamete. He sought to use the tool for storing ongoing maintenance work orders to provide improved 
trend analysis of breakdowns in certain locations. The approach made use of the information in a BIM 
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which is transferred from design and construction phases and leveraged the spatial relationships 
represented in a BIM for visualisation and analysis of facility data (Akcamete et al., 2010). 
 
Figure 25: Maintenance and Repairs visualisation (Akcamete, Akinci, & Garrett, 2010) 
As opposed to traditional data representation formats, BIM provides one model for storing all building 
information and hence enables integrated views (Akcamete et al., 2010). While the aesthetic output of 
the research is lacking in the necessary LoD, it begins to ask the necessary questions of the FM industry, 
namely, how can we utilise these existing BIM models for the long term benefit of our business? 
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Figure 26: 2D location map for tracking assets (Shen, Hao, & Xue, 2012) 
BIM provides 3D spatial information about a building and its systems, therefore it has the potential to 
support visualisation and spatial analyses of various maintenance activities happening in the facility. 
Such analyses might not be performed with traditional databases (Akcamete et al., 2010). Currently, 
asset management and lifecycle planning has almost zero crossover with BIM and 3D visualisation.  
While Akcamete’s research used the geometry to illustrate maintenance activities, there is no 
foreseeable barrier as to why a model could not be designed for the use of lifecycle planning; existing 
lifecycle plans are available so it then becomes an exercise in designing the best way of visualising this 
existing plan. To shift away from the existing method of lifecycle planning, Klammt placed significant 
emphasis on the improvement in data collection which needs to take place. Daily FM operations need 
to be tracked to provide data for major repair and project-financial analyses (Klammt, 2001). Without 
the building performance and deterioration being fully documented, such decisions then need to be 
based on the personal knowledge base of the FM personnel (Akcamete et al., 2010). 
Decisions on maintenance-related tasks are usually made based on various types of data, such as design 
drawings, inspection records, and sensing data (Bryde, 2013). Most of this data is text- based, which 
makes the process of correlating the information time-consuming and less intuitive (Motamedi, 
Hammad, & Asen, 2014). A paper published in the Automation in Construction Journal in 2012 set out 
to provide a decision-support tool for facilities management and maintenance and adopted a ‘service 
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oriented’ approach for integrating data, information and knowledge captured during the facility 
lifecycle. 
 
 
Figure 27: Visualisation of a Chiller query (Motamedi, 2014) 
 
Above illustrates the output cloud-based model. The model utilised RFID technology to enable asset 
tracking and visualisation on the 2D floorplan. Shen (Shen, Hao, & Xue, 2012) stated that this was the 
most crucial contribution of his work and that it would be even more interesting to see BIM functioning 
as an information reaper for harvesting facility lifecycle information for use in FM. Shen’s FM 2D 
mapping tool utilised technologies already past their infancy, and created a useful link between 
technology and AM for the purpose of ongoing maintenance and data collection (including heat and 
light sensors). 
Above illustrates a recent study in visualising lifecycle works, and highlights the need for BIM ‘catch up’. 
The results can be visualised to present the information (such as the condition of the assets), to be used 
for exploring the spatial distribution of failure root causes, and to infer failure patterns (Motamedi et 
al., 2014). The model is informative and employs the traffic light system, demonstrating the asset’s 
condition. Knowledge assisted visualisation, which integrates and utilises domain knowledge to 
produce effective data visualisation, has been a fast growing field (Jernigan, 2007). Even in 2014, the 
LoD produced by such models is poor. In the instance shown in Motamedi’s research, there is zero 
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detail on chiller components and so this provides only limited data in terms of Lifecycle Costing, 
visualisation and planning.  
 
 
Figure 28: Evolution of Construction Schedule Generation and Visualisation (Kabir, Sadiq, & Tesfamariam, 2013) 
Kabir’s (Kabir, Sadiq, & Tesfamariam, 2013) evolution of the construction schedule generation diagram 
provides a diagrammatic representation for the level generation between activity scheduling and the 
visualisation of that schedule. The visualisation of lifecycle could prove to be invaluable in unlocking 
lifecycle capability and ensuring an MSP’s trustworthiness for stakeholders. Visual analytics combines 
automated-analysis techniques with interactive visualisations for thorough comprehension, reasoning, 
and decision-making purposes on the basis of very large and complex data sets using the visual 
perception and analysis capabilities of the human user (Singh, 2011). This trustworthiness, facilitated 
through data visualisation, can transform clarity on organisational strategy, turning fund managers from 
static paper-based decision-makers with no intimate understanding of the specifics of what they are 
funding, into real-time decision-makers visualising their decisions in the board room.  
4.3.2 BIM Interoperability 
‘Interoperability’ is the ability to exchange data between applications, which smooths workflows and 
sometimes facilitates their automation (Eastman et al., 2011). One of the key benefits of 
interoperability is the elimination of manual copying of data. Manual copying of partial data is an 
inaccurate process and can create inconsistency (Bazjanac, 2008). To eliminate manual copying (and 
remove human error as a result) a suitable data exchange schema must be determined. 
4.3.2.1 Data Exchange Schema 
ISO 16739:2013 specifies a conceptual data schema and an exchange file format for Building 
Information Model data. The conceptual schema is defined in EXPRESS data specification language. The 
standard exchange file format for exchanging and sharing data according to the conceptual schema is 
using the clear-text encoding of the exchange structure. Alternative exchange file formats can be used 
if they conform to the conceptual schema (ISO 16739: 2013). The document is designed for data sharing 
in the construction and FM industries and takes a positivist stance on the ability of both industries to 
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progress in the area of data exchange. BIM data is exchanged across platforms in various formats (such 
as XML, CIMsteel (integration standard CIS/2 2007) and Industry Foundation Classes (IFC)). Each data-
exchange process consists of the schema itself and the schema language, illustrated in the Table below. 
Table 9: Schema and Schema Languages (Eastman et al., 2011) 
 
4.3.2.2 Industry Foundation Classes  
IFCs are open-data model specifications for defining building components’ geometry and other 
properties in a way which enables CAD users to transfer design data between different software 
applications (Smith and Tardif, 2009). Is the IFC import standard something of an over-compensation 
for the purposes of the operational equivalent of ‘narrow BIM’? As a major data exchange standard for 
BIM, the IFC standard is capable of restoring both geometric information and rich semantic information 
of building components to support lifecycle data sharing (Lin et al., 2013). Lin’s method of utilising the 
IFC schema involved the planning of internal pathways within buildings. The method consisted of three 
main steps: 
- Extracting geometric and semantic information 
- Discretising and mapping the extracted information 
- Finding the shortest path based on data mapping 
Table 10: BIM Exchange Format Definitions (adapted from ISO 16739:2013) 
Stage 1: BIM exchange format 
definitions that are required during the 
lifecycle phases of buildings 
Stage 2: BIM exchange format 
definitions that are required by the 
various disciplines involved within the 
lifecycle phases 
Stage 3: BIM exchange format 
definitions including: 
 demonstrating the need 
 conception of need 
 outline feasibility 
 substantive feasibility study and 
outline financial authority 
 outline conceptual design 
 full conceptual design 
 coordinated design 
 architecture 
 building service 
 structural engineering 
 procurement 
 construction planning 
 facility management 
 project management 
 project structure 
 physical components 
 spatial components 
 analysis items 
 processes 
 resources 
 controls 
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 procurement and full financial 
authority 
 production information 
 construction 
 operation and maintenance 
 
 client requirement management 
 building authority for permits and 
approval 
 
 actors 
 context definition 
 
 
Of these three stages, Stage 1 is deemed the only applicable step. The valuable geometric and semantic 
information is extracted from the input-IFC file, where the coordinates and attributes of the obstacles 
inside the building can be identified (Lin et al., 2013). The semantic information in this instance, while 
useful for other applications, will have little bearing on visualising lifecycle. 
4.3.2.3 Barriers to the Extraction of IFC in Industry 
A key barrier to the use of the IFC data schema in LCC is the lack of competent people who can 
demonstrate the modelling and data management skills. The IFC schema hierarchy is one which is 
complex (see below).  
 
Figure 29: The hierarchy of the structure of part of the currently defined elements (Dalton & Parfitt, 2013) 
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The hierarchy of the schema is understandable from a construction point of view, because at this stage 
in the building lifecycle a number of AEC professionals are involved (architects, M&E engineers, façade 
subcontractors, etcetera). From a lifecycle point of view, different information is necessary. In a typical 
BIM model, the material is a necessity as the architect and client will want an idea of how the building 
will look. In lifecycle, the material of the component does not need to be visualised. In Lin’s research 
there were over 300 supplementary data-types and property sets. Therefore, one would have to be 
certain as to what kind of information would be extracted from the input-IFC file (Lin et al., 2013). The 
hierarchy presented above defines elements within the IFC standard whereby all elements are inherited 
from the IfcProduct. One of the major drawbacks of IFC standardisation in LCC, is that it is difficult to 
extract specific information on the system and its sub-components and filter out items which are not 
relevant. For example, an IfcSpace (ward, office, and kitchen, etcetera) represents a volume of space 
enclosed by IfcWalls (walls), IfcDoors (doors) and IfcColumns (columns). Cleansing unnecessary data 
and converting it into inapplicable information consumes an asset management team’s resources. 
While the geometrical information within an IFC is useful, it is unlikely that much of the semantic 
information will be utilised in LCC.  
4.3.3 Alternative approaches 
Alternative approaches to the IFC schema have been published (Sterling et al, 2015, Dalton & Parfitt, 
2013). Modelica is a non-proprietary, object oriented modelling language (Sterling et al, 2015)  that has 
been recently developed to run complex operational building simulation. An advantage of Modelica is 
the modularity of the language that allows modification of the code according to the specific needs of 
the application (Sterling et al, 2015). The object orientation enables the reuse of components, thus 
making the capture of multiple similar systems scalable and efficient. Some key offerings from such a 
scalable model were noted as being: 
- Computational efficiency 
- Accurate prediction of future states 
- Cost effective 
Using Modelica MPC relied on large computational resources and did not provide the support for the 
management of the uncertainty associated with the measured data in real time environments (Sterling 
et al, 2015). It was concluded that while the tool is expanding in growth (through the addition of new 
libraries and ‘objects’ from the open source community) it is important to note that the advantages of 
Modelica can turn against the unexperienced developer and that training of a user would be highly 
recommended (Sterling et al, 2015) 
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Another alternative to the IFC schema are workflows. A workflow is a data-formatting link between two 
independent pieces of software. A recent academic piece was aimed at documenting workflows which 
can be used to prepare large models for real-time immersive viewing through high-end display solutions 
(Dalton & Parfitt, 2013). As the construction sector begins its transition toward BIM, it asks the 
questions as to how feasible data-workflow interoperability is between differing software packages. 
Immersive visualisation facilities have been available for some time, new immersive facilities such as 
the Computer Automatic Virtual Environment (CAVE; Tutt and Harty, 2013) are starting to become 
more common. In terms of importing large models, seven challenges have been associated with 
workflows (Dalton & Parfitt, 2013). A complete definition of the workflows for the current leading 
software packages can be found in Appendix 1. 
4.3.4 Exploring the ‘Integrated’ Market - a Leading Company offering a LCC-AIM Tool 
Manhattan Atrium is the UK’s leading supplier of Enterprise Asset Management (EAM) solutions. The 
Atrium EAM system addresses both strategic and operational needs of property asset and facilities 
management.  It focuses on helping organisations reduce costs by adding value, managing risk, and 
improving performance through adopting better asset management practices.  The software suite is 
made up of two main parts (www.atriumsoft.com/ accessed May 2015): 
- Strategic Asset Investment Planning - enabling the organisation to measure past, 
present and future performance, and make evidence-based decisions to optimise the 
use and management of assets in line with long-term corporate objectives. 
- Operational Asset Management - delivering efficiencies and a joined-up approach 
across a comprehensive range of functions, from surveys and maintenance, 
to helpdesk, contractor-management and KPI reports. 
 
 
Figure 30: The Atrium Enterprise Asset Management System (Atrium, 2014) 
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The Manhattan Atrium software is one of the only platforms to offer any sort of BIM integration with 
LCC. The assets displayed within the Atrium EAM system are linked to the assets captured within the 
Model through use of the BIM reference fields and Asset ID. This ensures that when ‘Auto Highlight to 
Model’ is selected, the user can select an asset within the EAM and this is then highlighted in the model, 
as illustrated below: 
 
 
Figure 31: BIM connection with EAM (Atrium, 2014) 
This retrospective BIM model has been used to highlight the location of the asset in question. Anything 
beyond this involves a changing colour which highlights the condition of the asset based on the 
surveyor’s professional opinion. Data collection makes such an approach impossible to apply (on a 
component level) to HVAC assets such as AHUs  because the probe used to scan the environment 
cannot be placed inside critical assets. The key benefit of using geometry visualisation linked to LCC and 
AM is that it can tell users about spaces and components they cannot usually see, and the premise of 
probe-based retrospective BIM is inapplicable in the HVAC aspect of LCC.  
4.4 Parametric Generative Design: Rhino Modelling as a Method for Visualising 
Lifecycle Costing 
Performance-based design is defined as the synthesis of two digital design processes, namely, 
geometry-generations and performance simulation (Oxman, 2006). The generative design process 
depends on variants which are parametrically defined in relation to the design problem, while the 
evaluation of generated solutions depends on the simulation of different parameters such as social, 
cultural, ecological or economic (Kolarevic & Malkawi, 2005). As opposed to common parametric tools 
such as Revit, Unity 3D and SketchUP, Rhino is a software tool scarcely mentioned in academic 
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literature. A number of recent studies have used Rhino for modelling physical assets (Ercan & Elias-
Ozkan, 2015; Wu & Shih, 2014) but not to the elemental level needed  nor, as described in the Bew-
Richards ramp diagram,  at the level necessary for component-level lifecycle modelling. 
 
Figure 32: Sun Path and Show simulation in Rhino (Ercan & Elias-Ozkan, 2015) 
One of the few studies to use Rhino for modelling such complex assets was the one conducted by 
Fouchal in 2015. Fouchal’s study focused on solving the geometrical complexity encountered in 
conventional arrangements of building services, while taking into account thermos-physical and 
electromagnetic interactions between services together with building regulations (Fouchal, Hassan, & 
Loveday, 2012).  
 
Figure 33: Distribution node for multi service trunking system (adapted from Fouchal, Hassan, & Loveday, 2012) 
Fouchal’s study was not concerned with asset management or the long-term planning of assets, rather, 
his research was concerned with ascertaining a novel methodology for grouping building services into 
a single trunking system with minimal proximal distances between them (Fouchal et al., 2012). 
However, what this does demonstrate are two key aspects of Rhino’s usefulness as a tool. Firstly, its 
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LoD is high and can display intricate component detail to the level required for an asset management 
LCC visualisation. Secondly, its layers can be applied to display different colours.  
4.4.1 Grasshopper 
Grasshopper is primarily used to build generative algorithms, such as for generative art (Loomis, 2011). 
The main interface for algorithm design in Grasshopper is the node-based editor. Data is passed from 
component to component via connecting wires which always connect an output grip with an input grip. 
Data can either be defined locally as a constant, or it can be imported from the Rhino document or a 
file on the computer. Data is always stored in parameters which can be either free-floating or attached 
to a component as input and output objects. A recent piece of research on building component 
environmental simulation conducted by Ercan (2015) cited Grasshopper as the tool of choice. 
Generation of data or parametric objects is not limited to the built-in components in Grasshopper;  it 
is also possible to exchange data with other add-ons, as inputs and outputs for further computation 
(Ercan & Elias-Ozkan, 2015). Ercan’s study was based on finding the optimal shading geometry for 
louvers using Grasshopper as the computational engine to perform the simulations. 
 
Figure 34: Grasshopper organisation for performance-based parametric design explorations (Ercan & Elias-Ozkan, 2015) 
The Grasshopper design in this research comprised six components connected to each other in 
accordance with the design approach which defined the workflow. These were as follows (Ercan & Elias-
Ozkan, 2015): 
- Mesh geometric definitions 
- Shading device geometric definitions 
- Building geometry import components 
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- Simulation components 
- Control centre for analysis 
- Data recording and reading group 
 
 
 
Figure 35: The quantitative and intuitive presentation of structural form and cost by dashboard (Wu & Shih, 2014) 
Another study looked at utilising Grasshopper as a means of presenting real-time analysis, using Monte 
Carlo simulations as a means of exploring early design stages (Wu & Shih, 2014). The tool was designed 
with the architect in mind and used a combination of Rhino, Grasshopper and excel data to visualise 
the parametric relationship between the orientation of a building mass and heat gains. The study 
demonstrated Grasshopper’s ability to investigate cost trade-offs for structural elements and visualised 
this cost in an innovative and intuitive way. Above illustrates how the tool can be used to visually 
differentiate between the costs of components. The tool can provide a dashboard for the end user to 
aid in their understanding of what assets are the most expensive and where they are.  
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Chapter Summary and Findings 
- Assets are risks, and the visualisation of risks and strategy to deal with them that current 
techniques 3D techniques basd on the IFC schema do concisely capture. 
- 3D geometry produced as a result of the BIM process  can form the foundation on which 
lifecycle data visualisations can be built. 
- Intersecting vertices should be avoided and removed where possible to reduce runtime 
and to contribute to the texture-translation issues. 
- Data-heavy models: There is no easy and automatic way to simplify the geometries and 
reduce the polygon counts. The model needs to be created with minimum complexity. 
- Object nomenclature: It is a good idea to name objects in a model in a unique manner (not 
just a series of numbers of ‘wall 42’ for example. 
- There is a lack of interoperability when using the ‘collaborative’ IFC format, which is written 
and interpreted differently by each software vendor. 
- The concept of being able to display dynamic-asset condition through visualisation can 
only be realised through colour, which Rhino can display.  
- The Rhino and Grasshopper plugins are considered to offer the best possibility for 
achieving operational lifecycle modelling. 
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Chapter 5. Research Methodology and Design 
5.1 Decisions Informed from Literature prior to undertaking Research 
Methodology 
This research – as defined in Chapter 1 – aims to develop a data-driven risk-based lifecycle replacement 
funding model and visualisation tool to improve the decision-making of mechanical assets in the PFI 
Healthcare sector. 
The literature review covered the key aspects around life cycle costing, asset management and data 
visualisation. Based on the review of literature carried out, the following decisions have been informed 
prior to undertaking the research: 
 
- The case study hospital should be post-construction phase (i.e. in its operational lifecycle phase) 
and should have a pre-existing BIM model available. 
- The capital cost element is not included within the scope of this study.  
- Acquisition costs shall not be included in the research scope. 
- The model should assume no income from ‘selling’ the asset (i.e. disposal costs) 
- End of Life Costs shall not be included in the analysis. 
- The term discount/ inflation rates should mimic the current lifecycle model figure of 2.5% 
currently in use for HCPs lifecycle model.  
- The ISO 15686 Factor Method will be used as the descriptor reference for this research. 
- The model shall not consider design and installation risk in the scope of the study. 
- The thesis will minimise the number of damage mechanisms and only include key aspects (such 
as those mentioned in ISO 15686 Part 8) to ensure model complexity is optimised. 
- The model will assume that the SPV’s management of the operations and facility falls under the 
umbrella of compliance.  This will allow the LCC model to take a more financially geared view. 
- The lifecycle model will consider the ISO guidance concerning service life data selection. 
- The tool should be based on real data. 
- This model should set about drawing upon operations and maintenance (O&M) data physically 
collected from other hospital projects across the United Kingdom. The serviceable life of an 
asset’s component is of critical importance and should feature as a key facet of the research 
design. . 
- Data collection across multiple hospital should go some way to removing the notion of silos and 
culminating data into one repository. 
- The Rhino and Grasshopper plugins offer the possibility for achieving operational lifecycle 
modelling. Autodesk and other tools rely too extensively on the IFC schema. Modelica models 
are too data intensive and have already cited drawbacks such as computational time needed to 
simulate, economic barriers to its uptake and user training necessities. 
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5.2 The Physical Asset Lifecycle Model Framework 
This chapter explains the development of the risk-based LCC model of a case study hospital building. It 
will look to compare the hypothetical financial profile resulting from the risk-based model with the 
current financial profile for the AHUs. 
The data collection data sources are as follows: 
- Existing: CIBSE best practice guidance (secondary data collection) 
- New: Asset failure and cost data recorded across HCP Social Infrastructure sites (primary data 
collection) 
Option two above included physically visiting various sites across the UK. A mobilisation schedule and 
data collection timeline across the sites was prepared.The data visualisation tool selected for the study 
was Rhino 5. Rhino 5 is a tool which has been severely under-used in this context yet demonstrates all 
the credentials required to perform the required simulation. It was also chosen for its ability to import 
Navisworks 3D files, thus avoiding the IFC schema and its subsequent complexity. Another benefit was 
due to its Grasshopper plugin, which allowed for dynamic three-dimensional heat-mapping and data 
communication between Microsoft Excel CSV files (the standard format for lifecycle modelling and a 
reliable program which is unlikely to be replaced in the near future).Below outlines the research 
components involved in the research. The physical asset lifecycle model (PALM) architecture diagram 
is a quantitative-based approach. 
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Figure 36: PALM Architecture diagram
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5.3 The Proposed Research Approach: the Quantitative Framework 
A numeric or statistical approach to research design is what constitutes a quantitative research method 
(Williams, 2007). The quantitative research approach is specific in its surveying and experimentation 
methods as it builds on existing theories (Leedy and Ormrod, 2001). The research itself is independent 
from the researcher and, as a result, data is used to objectively measure reality. Quantitative research 
creates meaning through objectivity uncovered in the collected data (Williams, 2007). In this setting, 
the quantitative data used is composed of a combination of empirically collected samples (HCP 
managed hospital facilities) or recognised institutional data sources (CIBSE Guide M). 
Quantitative research involves harvesting data so that the information can be quantified and subjected 
to statistical treatment in order to support or refute alternative knowledge claims (Cresswell, 2003). 
There are three broad classifications of quantitative research: descriptive, experimental, and causal 
comparative (Leedy and Ormrod, 2001). The descriptive research approach examines the situation as 
it exists in its current state, and involves the identification of attributes of a particular phenomenon 
based on an observational approach (Williams, 2007).Experimental research can be further 
subcategorised into three types of exploratory approaches: experimental, true experimental, and quasi 
experimental.The following table has been developed following a epistemologically quantitative 
focused review of literature in the field: 
Table 11: Summary of quantitative, qualitative and mixed method approaches 
Research 
Approach 
Knowledge-Theory 
position 
Method Research Use 
Quantitative Pre-experimental design 
True experimental design 
Quasi experimental design 
Predetermined statistical 
analysis 
 
Tests or verifies  
Observes and measures 
Unbiased 
Validity standards 
Identifiable variables 
Qualitative Narrative design  Text and image analysis 
Open ended 
Interviews and questionnaires 
Collects participant feelings 
Appreciates personal values 
 
Mixed-methods Mixed design  A mixture of the above A mixture of the above 
The following aspects of the model were considered: 
- Research Environment: The research was conducted in the field of the built 
environment. The built environment and FM industries are highly quantitative – 
particularly within PFI – due to the financial underpinning of the industry. The research 
involved very little human interaction apart from dealing with the on-site FM teams 
and the engineering risk-survey process.  
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- Research Focus: The research is a realist piece in nature but is based on producing and 
comparing outputs which are currently derived through what is essentially a 
quantitativeapproach in the industry. With modelling and post-modelling stages being 
solely quantitative.  
- Research Objectives: The research objectives are quantitative because the key output 
of the model is a financial profile for the replacement of assets.  
- Research Novelty: The type of research is an amalgamation of currently independent 
topics including BIM, cost modelling, risk modelling and life cycle costing. 
5.3.1 Operationalisation of the Research: Methods and Purpose 
Data should be collected using different strategies, approaches and methods in such a way that the 
resulting mixture or combination builds on the strengths and minimises the weaknesses of the single 
approach (Brewer and Hunter 1989, Fretchling and Sharp 1997, Raslan, 2010). 
An initial data collection on the assets within  HCP1) was conducted (the asset register, AHU drawings, 
operation and maintenance manuals, BIM model followed by data collection from other hospitals (HCP 
2 – HCP18 – primary quantitative) across the UK and current best-practice guide lifetimes (secondary 
quantitative). Further data was collected through an engineering-risk survey (quantitative) and 
financial-risk data (otherwise known as pay-mech risk) was also collected (quantitative). 
A clear distinction should be drawn between HCP1 and HCP2- 18 at this stage: 
HCP1: The case study hospital. This is the hospital which is used for data analysis only. 
HCP2 – 18: The remaining hospitals in the study, used for data mining purposes only. 
 
5.3.2 Asset Register and other Data Collection of HCP1 
5.3.2.1 Description 
Data collected in the following ways formed the basis for the model: 
- AHU Asset Register – This contained invaluable information such as: 
 Asset code (for use when surveying), phase, floor number, room number, 
hospital area (for use when establishing financial risk), manufacturer, serial 
number, supplier and general notes. 
- Operation and Maintenance Manuals 
- AHU drawings 
Chapter 5. 
Research Methodology and Design 
92 
 
 The number of components within each AHU, the location of the components, 
AHU dimensions, fan speeds, motor kW outages (see example in Appendix 2). 
- Hospital Plans 
- BIM model 
 Only geometrical data as well as an AHU componentry list for cross checking 
against the asset register was read. 
5.3.2.2 Purpose 
The purpose of collecting this data was two-fold: 
- To ensure that the lifecycle model directed that individual AHU components (of which 
there are 1247) be replaced according to the correct and most up-to-date data. 
- To provide a geometrical skeleton on which to visually model the replacement cycle. 
5.3.3 Data Collection of HCP2 - 18 
5.3.3.1 Description 
The data sampling from UK hospitals involved contacting the on-site teams at various locations around 
the UK and collecting information on component replacement and cost information. The full 32-point 
data collection sheet can be found in Appendix 3. 
5.3.3.2 Purpose 
The purpose of this exercise was to determine what types of componentry within AHUs across the 
portfolio were likely to fail and what the cost of replacement was likely to be. By collecting this data, 
the lifecycle model produced would be based on a more robust data set pertaining specifically to AHUs 
within hospitals within the United Kingdom. 
5.3.4 CIBSE Lifetime Data  
5.3.4.1 Description 
Due to the age of the various hospital estates within the portfolio and due to the fact that none had 
reached their recommended replacement life, from an asset perspective (20-25 years), CIBSE Guide M 
data for components was collected. A regression model grounded by a theory presented prior (3.4.2) 
which states that for each and every level of X, there exists a probability of Y (Kirkham, 2002) is the basis 
for distributing generic mean data from CIBSE. 
5.3.4.2 Purpose 
The purpose of collecting recommended component data from secondary sources is two-fold: 
Chapter 5. 
Research Methodology and Design 
93 
 
- The data will inform the @Risk Monte Carlo simulated statistical distributions which 
will provide toll flexibility and allow the decision-maker to choose their risk-appetite 
level (the ‘conservative’, ‘balanced’ & ‘optimistic’ approach). 
- The data will inform the profile beyond the empirical data collected from the HCP UK 
data and allow for a hybrid profile (i.e. a combination of real and simulated data) to be 
produced (the ‘recommended’ approach). 
5.3.5 Engineering-Risk Survey 
5.3.5.1 Description 
The engineering-risk survey was conducted using two professional surveyors with affiliations to 
recognised bodies (RICS and CIBSE) and a detailed knowledge of HVAC systems. The survey is based on 
the ISO 15686 standard.  
5.3.5.2 Purpose 
The purpose of the survey was to provide an engineering ‘risk profile’ on each AHU which would 
subsequently impact the replacement profile through combining the results of the survey with the 
results of the financial risk formula, thus enabling the differentiation between each asset, based on key 
industry recognised life-cycling impact factors. 
5.3.6 Financial Risk 
5.3.6.1 Description 
The financial-risk formula was based on the payment mechanism outlined in the management services 
agreement between the MSP and NHS. The formula considers aspects of service delivery impact 
categories and the financial impact of failure per AHU. 
5.3.6.2 Purpose 
The purpose of the inclusion of the risk formula was to pair the results of the risk level (based on the 
financial impact of a potential failure – i.e., the impact of the failure of one AHU may be financially less 
or more critical than the failure of another) and combine the results to form the engineering risk survey. 
Both risk outputs would be equally weighted to provide a risk profile for each AHU based on two 
different types of risk. 
5.3.7 Research Quality: Validity Considerations 
The validity of research studies can be differentiated into design validity, which pertains to the 
credibility and trustworthiness of derived conclusions and inferences, and information validity, which 
relies on the quality and reliability of the information/data on which conclusions are based (Raslan, 
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2010). Therefore, the following points should be carefully observed when collecting and analysing the 
data: 
- Data Source: Is the data coming from a reliable source? This is dependent on the 
consistency of the data collected and will impact the inferences drawn. 
- Interpretive distinctiveness: How can the inferences of the data differ from other 
explanations of the results? 
Individuals usually accept sensory knowledge as truth because it provides a level of evidence which one 
can withstand or challenge (Williams, 2007). However, in the context of producing lifecycle predictive 
models, computation visualisations and financial-planning proposals, it is important that the output 
obtained be metrically verifiable when subjected to the quality-assurance process. As a measure of the 
model’s validity, the Head of Financial modelling and the Head of Technology management at UCLs 
Mullard Space Science Laboratory were tasked with reviewing the formulaic disposition (design validity) 
and statistical distributions (information validity) on which the asset replacement predictions of the 
model were based.  
5.3.8 Data Protection and Ethical Practice 
The following has been agreed after discussions with HCP: 
- To anonymise the names of the surveying team conducting the engineering-risk survey 
- To anonymise the names of the hospitals in the survey 
- To anonymise the specific financial figures relating to the portfolio 
- To use only the figures which are freely available from Companies House 
- To anonymise the names of any HCP staff in the appendices 
There are no foreseen procedures to take regarding ethical practice for issues such as informed consent 
or respondent validation. 
5.4 The PALM Methodology 
The LCC modelling methodology comprised the following steps: 
1. Collection of HCP1 AHU data including operation and maintenance manuals, runtimes, 
as-built drawings, installation dates and replacement data for the 113 AHUs. The HCP1 
asset register and BIM model were also collected. 
2. A review of the AHU as-built drawings.. There were found to be over 1,100 components 
within the 113 AHUs. 
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3. A physical-condition survey of the AHUs taking into consideration the seven aspects 
impacting service-life prediction (as given by ISO 15686 – see Chapter 3) to create a 
risk level for each AHU and its subcomponents. 
4. Collection of replacement data across HCP 2-18including 36 data points for each 
failure, the runtime for the equipment, the cost of the part and its installation date. 
5. Creation of the subcomponent failure curves based on the data collected from HCP 2-
18. 
6. Creation of the subcomponent failure curves based on CIBSE data. 
7. Creation of the life cycle cost model.. 
The geometrical modelling methodology comprised the following steps: 
- Collection of HCP1 BIM model and conversion from .NWD to .FBX to .3dm file. 
- Assimilation of the models and a data-cleansing exercise to reduce the model weight 
and improve performance. 
- Merging of the meshes on a component level. 
- Assignment of meshes according to the components stated in the as-built drawings 
collected from HCP1. 
- Setting up of the New Rules of Measurement (NRM3) structure for user navigation.  
- Creation of the Grasshopper visual engine to be plugged into the geometrical model. 
This also included the creation of the PALM plugin for future users to be able to create 
their own models more rapidly through the packaging of code. 
In terms of the approach adopted, this can be seen as an emergent methodology. Currently, 
geometrical modelling and lifecycle cost modelling have had almost zero interaction because of the 
nature of where each occurs during the building’s lifecycle (BIM – construction, Lifecycle – operation). 
The notion of visualising plant condition for the purpose of long-term planning (as opposed to short 
term, energy consumption, carbon emissions, etcetera)  (Ercan & Elias-Ozkan, 2015; Fouchal et al., 
2012) is a novel concept. 
5.5 HCP1 – The Case Study Hospital Building 
HCP1 is a large acute care NHS facility in the City of London. Built between 2010 and 2014, the facility 
was constructed over two phases and includes state-of-the-art medical amenities (including seven 
operating theatres served by the AHUs) as well as mechanical plant rooms and FM facilities. HCP1 is a 
steel-framed building with concrete cladding. The gross floor area is approximately 52,716 m2 (phase 
one 23,547 m2; phase two 29,169 m2) and spanning eight stories, the gross volume is approximately 
158,148 m2. 
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HCP1 contains 113 AHUs, valued at circa £6,100,000. Through a comprehensive review of the as-built 
drawings, the following AHU subcomponents have been found at HCP1 (Table 12 below). 
Below shows the AHU components currently on site. There are 1,247 components within all the 113 
AHUs at HCP1, giving an average of 11.04 components per AHU. The AHU-to-component ratio gives the 
numbers of each component you may expect to find in an AHU, based on those observed at HCP1. 
Table 12: Component breakdown and manufacture 
Component AHU1 Qty. Ratio (AHU: Component) Manufacturer Based at 
Cooling coil 57 1 : 0.52 DBM/ Luvata Cramlington/ 
Welwyn, UK 
Frost coil 32 1 : 0.29 DBM/ Luvata Cramlington/ 
Welwyn, UK 
Heating coil 72 1 : 0.65 DBM/ Luvata Cramlington/ 
Welwyn, UK 
Run around coil 103 1 : 0.94 DBM/ Luvata Cramlington/ 
Welwyn, UK 
Control panel 94 1 : 0.85 Unknown Unknown 
Supply fan 65 1 : 0.59 Comefri Unknown 
Extract fan 63 1 : 0.57 Comefri Unknown 
Flatbank filter 107 1 : 0.97 AAF Northumberland, 
UK 
Polyseal filter 38 1 : 0.35 AAF Northumberland, 
UK 
Other filter 14 1 : 0.13 AAF Northumberland, 
UK 
Humidifier 27 1 : 0.25 Spirax Sarco Cheltenham, UK 
Inverter 147 1 : 1.34 Unknown Unknown 
Motor 181 1 : 1.65 AmTecs Ltd Berkshire, UK 
Shut-off damper 105 1 : 0.95 Aerotermica Milan, Italy 
Silencer 142 1 : 1.29 Allaway Acoustics Hertford, UK 
AHU Total 1247 
components 
11.04 components/ unit McQuay (Daikin) Dartford, UK 
 
This information has implications for the data collection across HCP2-18 because these ratios will be 
used to extrapolate how many parts there are on any given healthcare project, based on the number 
of AHUs. All of the components are available through sales offices or warehouses in the UK, save the 
damper manufacturer Aerotermica. The coil manufacturers are DBM and Luvata respectively. The coils 
are the only components with an alternate manufacturer, raising benchmarking possibilities and 
economies-of-scale purchasing, as opposed to the latter where there is only a sole manufacturer.  
The AHU runtimes were ascertained through consultation with the SFS building management system 
(BMS) team. The AHUs have weekday/weekend scheduling. The majority of the units operate for 24 
hours per day, 7 days per week. However, there were a number which had slightly reduced runtimes 
on weekdays or at weekends, such as the supply and extract units serving the cardiac theatre suites. 
Chapter 5. 
Research Methodology and Design 
97 
 
In accordance with ISO 15686, the following table details which of the following methodologies have 
been used for predicting or evaluating unit lifespans during this study: 
Table 13: Methodology used to predict life (adapted from ISO 15686:2008) 
Data Collection Method Used? 
Fundamental studies  
Field exposure  
Inspection of the building and constructed assets  
In-use exposure  
Accelerated short-term exposure  
Short-term in use exposure  
Judgement based on expert experience   
Judgement based on experience in the market  
Other  
Unknown  
 
5.6 HCP UK Data 
5.6.1 Data Elicitation from the HCP UK Hospital Portfolio 
Working for the management service provider involved working and researching in HCP’s head office 
meant that operational data was not easily accessible without contacting and physically visiting the site. 
HCP’s client portfolio consists of a combination of healthcare, education and accommodation facilities. 
The scope of the data-collection exercise involved only healthcare facilities and this is illustrated below. 
The distribution of the portfolio stretches across the UK. The healthcare projects are run in England, 
with one project included from Scotland. In total, 16 hospitals within HCP’s portfolio have been included 
(in red) as well as one other hospital, located in Oxford (in orange), outside of HCPs management. The 
remaining education and accommodation facilities (in grey) will not be included in the study.   
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In order to gain access to the projects and collect the information a number of contractual and political 
loopholes had to be surmounted. As shown in Figure 2 the MSP has responsibility for managing the 
SPV, yet it is the SPV’s subcontractors which hold a vast amount of the data required for the analysis 
since it is they who are maintaining, repairing and replacing the equipment. The MSP has no contractual 
agreement between the project-level HFM subcontractors and so an appropriate plan had to be drawn 
up as to how to collect this data. The allowance was given by the board for contact to be made top 
down, as shown in Figure 38 below: 
Newcastle 
Birmingham 
Leeds 
Exeter 
Glasgow 
London 
Lagan 
Dundee 
HCP hospital selected for inclusion in study 
HCP hospital or other not included in study 
HCP1 (chosen site for model testing) 
Non-HCP hospital included in study 
City 
Figure 37: UK map showing facilities considered in the data collection and scope of the study 
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Strategy 
Operations 
 
Figure 38: Diagram to show top down route to making contact with the project HFM operations team 
Contact was made by letter (see Appendix 4). The letter outlined the scope of what was to be collected 
and was addressed to the SPV General Manager (GM). The SPV GM was then asked to make contact 
with the HFM-subcontractor GM, to pass on to the appropriate engineer. At that point a date was 
arranged for visiting the site to collect the data. Where necessary, contact was also made by Babajide 
Ogunniyi (the Head of Asset Management for HCP’s SAM team) via email, to raise the profile of the 
research for those working at the operational sites (see Appendix 5). From this point, a data-collection 
management sheet was created to monitor the progress of the data collection, what had been sent and 
who had been contacted at each site. 
5.6.2 Hospitals within HCP 2-18 included in the Study 
The table below illustrates the method for inclusion of hospital data in the study. There were three 
primary reasons for a hospital to be excluded from the study, these being: 
- Data not being recorded – this could be as a consequence of poor subcontractor 
management or a change of HFM team on site due to poor performance meaning the 
data was not stored/transferred. 
• Decision made to allow 
for contact
HCP 
Management 
Board
• Carbon Copy Recipient 
of E-Mail & attached 
letter drawn up by 
researcher and 
management board
UK Regional 
Directors
• Recipient of Email & 
attached letter - returns 
the HFM  contact details 
to researcher
Project SPV 
General 
Manager
• Recipient of data 
collection intent verbally 
or via email from SPV 
GM and researchers 
imminent contact
Project HFM 
General 
Manager
• Recipient of instruction 
verbally or via email 
from HFM GM including 
researchers imminent 
contact
Project HFM 
Operations 
Team
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- HFM holds the lifecycle risk – where the HFM team was executable for lifecycle, the 
SPV management team had no right to demand part replacement or cost information. 
- Facility age – in some instances the hospitals were newly built and therefore provided 
almost zero replacements due to their infancy. 
Table 14: Hospitals for inclusion in the study based on qualification matrix 
HCP No. 
Data not being 
recorded/ available 
HFM holds the 
Lifecycle Risk 
Facility age Included in study? 
2    Y 
3 x   N 
4    Y 
5 x   N 
6    Y 
7 x   N 
8    Y 
9   x N 
10 x   N 
11  x  N 
12  x  N 
13   x N 
14  x  N 
15 x   N 
16    Y 
17    Y 
18   x N 
 
Six hospitals were considered as being suitable for data mining, the remainder were excluded for 
reasons set out above. Supporting evidence and examples of instances where hospitals could not be 
included in the study can be found in Appendix 6. For the generation of new data, the methodology as 
described in ISO 15686-2 (2012) should be used (BSI, 2008). One of the greatest benefits of the method 
of data collection and its subsequent output once modelled is its level of realism.  
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Figure 39: example invoice from HCP 2 
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5.7 Lifetime Data 
The following chart displays the recommended life of AHUs on an asset (green) and component or part 
(blue) level – as according to CIBSE Guide M. 
 
Figure 40: Asset and part lifetimes (CIBSE: Guide M, 2012) 
The green indicates the asset lifetimes and the blue indicates the component-part lifetimes. What is 
clear is that CIBSE differentiates between internally and externally mounted AHUs and puts the 
recommended life discrepancy down to the external environment conditions (for example, rooftop 
AHUs are subject to the elements which internally mounted AHUs are not).The blue bars indicate the 
standard lifetimes for the components under analysis. 
5.8 The Engineering-Risk Survey 
  A quantitative-risk assessment is something which has been discussed in previous chapters. In this 
research a quantitative-risk assessment was formulated for the purposes of collecting data on the 
AHUs. It was viewed as a good tool to incorporate in the project because it took into account some of 
the site-specific factors, giving the lifecycle strategy corporate level reliability and operational level 
support by incorporating the views of operations team members on the performance of the AHUs and 
their components. The quantitative-risk assessment is captured in spreadsheet format and can be seen 
in Figure 41. 
5.8.1 Integrating the Factor Method and IPFM Proforma 
Allowing adequate space for maintenance and equipment replacement is very important. Where the 
particular reference standard is in doubt or where  equipment has been ‘shoe-horned’ into a confined 
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space, a variation factor should be applied (CIBSE, 2008).  It was aspects such as this which the proforma 
attempted to identify. The sever factor categories are as follows: 
- Factor A. Inherent performance level 
- Factor B. Design level 
- Factor C. Work-execution level 
- Factor D. Indoor environment 
- Factor E. Outdoor environment 
- Factor F. Usage conditions 
- Factor G. Maintenance levels 
The survey was conducted over a period of two months during which all 113 AHUs were assessed and 
assigned a risk level. The two surveyors were industry-recognised competent engineers - a mechanical 
and electrical-asset surveyor from the HCP Strategic Asset Management team, and the Operations 
manager for Skanska. The former (Mr HCP) was selected for his extensive experience in M&E surveying 
and his understanding of carrying out the survey. The latter (Mr Skanska) was selected for his extensive 
experience in physically maintaining the AHUs under analysis. As a member of the HCP1 on-site 
subcontracting team, he was also thought suitably qualified carry out the survey. In addition to this, 
having two surveyors from different companies provided two key benefits. Firstly, the results from the 
two separate surveys could be averaged out to provide a more accurate risk level (if one surveyor was 
more risk averse than the other). Secondly, because Skanska is a subcontractor for HCP1, it meant that 
the results produced provided a tempered and well-balanced view from both a strategic view point (Mr 
HCP – being responsible for providing lifecycle plans for HCP1) and an operational view point (Mr 
Skanska – being responsible for implementing lifecycle plans for HCP1). 
The table below provides an explanation as to how the risk exposure should be understood by the 
surveying team. In terms of categorical importance rankings and their subsequent impact on the risk 
level for each asset, the surveyors were asked to assign ‘years’ of degradation to any category they 
chose. For example, if the AHU under survey was roof-mounted, the surveyor could assign the ‘worst 
case’ scenario as zero for Factor D – Indoor Environment, because there is no indoor environment 
present in this case. The number of years surveyors could assign across the various factor categories 
was 17. This is because, as discussed during the literature review, the current best guide for AHU 
replacements is between 10 and 27 years. What the BCIS is saying here is that the very best AHU can 
be expected to last for 27 years, while the very worst can be expected to last just 10. While the data 
set underpinning the BCIS results is small, it will suffice for the purpose of the exercise. So, the surveyors 
had to assign a 17 year ‘range of influence’ across the categories, too few or too many years resulted 
in a syntax error alerting the surveyor that their figures were skewed. However, during the calculation 
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stage it became apparent that the order-ranking method was partially invalid. This was due to surveyor 
preference towards an equal importance method for their survey. They suggested that by having an 
equal importance method as a baseline, they could focus more on assessing and assigning the correct 
risk-exposure probability. Equal weights were thereby calculated as the control. On assigning the year 
range of influence, the surveyors next had to assign an in-use condition grade to each category. 
There were certain rules to which the surveyors had to adhere (e.g., Factor categories D and E could 
never both have years assigned against them on the same survey, and the inherent performance level 
should never be described as ‘n/a’). These rules were built into the pro forma tool so that if the surveyor 
accidently broke a rule, the survey would respond and alert them. 
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Figure 41: Engineering risk appraisal -lifecycle replacement proforma
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Table 15: Risk exposure factor category and description for surveyors’ use 
 
 
 
Figure 42: The surveying team using the engineering risk pro forma when surveying HCP1 
Aspect of interest
Inherent quality 
characteristics
Environment (The general 
use of the building is 
taken into account, 
together with relevant 
local aspects. Indoor and 
outdoor environments are 
separated and for most 
components only one such 
factor category applies.)
Operating Conditions
Factor E. 
Outdoor Environment
Factor C. 
Work Execution Level
Factor D. 
Indoor Environment
Factor G. 
Maintenance Level
The level of skill and control in site work. It is based on 
whether the site work is in accordance with manufacturers’ 
recommendations and tightly controlled including assets such 
as storage, protection during installation, ease of installation 
etc.
The exposure of the object to indoor agents of degradation and 
their severity. 
The exposure to outdoor agents of degradation and their 
severity. A meso- or local-level designation can be adequate 
(e.g. coastal, polluted) for this factor category.
The effect of use of the building/ constructed asset. The 
specific use of the space where the asset is installed/ 
constructed is likely to be relevant (i.e. communal spaces being 
subject to greater wear and tear). 
Factor A.
Inherent Performance 
Level
Factor B.
Design Level
The grade of the component as supplied in the long term. 
The components installation in the building and is typically 
based on the level of shelter and protection from agents 
provided by the design of the building. 
Risk exposure Factor Description
Risk Exposure Factor/ 
Category
Factor F. 
Usage Conditions
The level of maintenance assumed. For certain components 
that are accessible or require special equipment for access, a 
particularly low maintenance level should be considered. 
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It was decided, after analysing the results with the surveyors, that the rank-sum method of weighting 
the components best represented the likely risk level. The reason for this selection was that there would 
have been no direct link between the risk-exposure probability assigned and a retrospective equal-
weight method. 
5.9 The Payment Mechanism 
The payment mechanism (known colloquially in the industry as ‘paymech’) is the amount of money to 
be deducted from the service payment (previously referred to as the unitary charge – UC). The paymech 
is a way of ensuring performance from the SPV. 
5.9.1 Financial Implications as a Risk Variable 
The paymech works by splitting the hospital into functional units. A unit could be the pharmacy, the 
cancer centre, the cardiac unit or any other hospital zone which serves a specific purpose (or provides 
a specific function). While each of these zones contains highly critical units such as operating theatres, 
they also contain less critical units such as offices. The paymech further devolves the hospital from units 
into functional areas. A functional area is a part of a unit. Devolution of the units allows for more 
accurate payment deductions to be calculated, should contractual limits be broken.  
Such contractual limits include the internal temperature of the space in question, its air changes per 
hour and its relative humidity percentage. AHUs play a major role in ensuring that the internal 
environment is maintained at stable levels for both patients and staff. Accordingly, the paymech forms 
the second half of the risk-based methodology. The failure-event deductions calculation as set out in 
the MSA has been used as the risk-assignment tool. 
𝐷(𝐹𝐸𝑠) = ((
𝐴𝑆𝑃𝑛
𝑁𝑌
) + (
𝑉𝐴𝑠
𝑁𝑀
)) ×  (
𝑁𝑠𝑎
𝑁𝑠
) × 𝐴𝑊𝑠 × 𝑈𝑊𝑠 × 𝐷𝑃(𝐹𝐸𝑠) × 𝐵𝑑𝑙𝑛 
The formula above is the legal method for calculating payment deductions where: 
- D(FEs) means the amount (in pounds sterling) to be deducted from the Service 
payment in respect of the Service failure event. 
- ASPn means the Annual Service Payment for the Trust financial year applicable at the 
time when the relevant Service failure event occurs – this figure has been provided by 
the Regional Finance Director in an email. 
- VAs means Volume Adjustment and has little bearing on the impact of AHUs and their 
ability to perform. Instead VAs refers more to ‘soft’ FM services which are not within 
the scope of the research. 
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- Nsa means the number of Affected Sessions in the Contract day for each Functional 
unit. There are three contractual sessions per day which could be affected, these are: 
 0600 to 1400 
 1400 to 2200 
 2200 to 0600 
- Ns means the total number of Sessions in a Contract day, provided that, in relation to 
a Service failure event arising from a failure in the provision of the Managed equipment 
service, Ns will always equal three (3). These three sessions are noted in point 4. 
- AWs means the Area Weighting percentage attributable to the Functional area in 
which the Service failure event occurs – the area weighting percentages are set out in 
Appendix 7. 
- UWs means the Unit Weighting percentage attributable to the Functional unit in which 
the Service failure event occurs – the unit weighting percentages are set out in 
Appendix 8. 
- DP(FEs) means the Service failure event Deduction Percentage attributable to the 
Failure event category allocated to the Service failure event – the failure event 
categories percentages are set out in Appendix 9. 
- BdIn means the Bedding-in period percentage. This is a time-specific variable based on 
the install and use dates of each respective functional unit. Because the two phases of 
HCP1 were completed in 2010 and 2014 respectively, the bedding-in time window has 
passed and so will be given a default value of 100%. 
There is an interim-service calculation equivalent set out in the contract; however, because the interim 
period ends before the completion of this workthis has been ignored. The paymech formula and the 
risk-based proforma provide a mean risk level for each asset. 
5.10 HCP Part Failure Curves – the ‘Recommended’ Approach 
Based on the data collection from the six qualifying hospitals in the study, the following number of 
failures was recorded: 
Table 16: Number of part failures recorded 
Part Failures 
recorded 
No. of parts 
at HCP1 
against 113 
AHUs 
Part Ratio 
Part : AHU 
from HCP1 
No. of AHUs HCPs with 
recorded 
failures 
Probable 
number of 
parts based 
on part ratios 
Failure % to 
date 
Cooling/ Frost 
coil 
24 89 0.787 : 1 299 2-4-6-8 236 10.1% 
Heating coil/ 
Run around coil 
20 175 1.548 : 1 261 2-6-8 404 4.9% 
Control panel 4 94 0.832 : 1 61 16 51 8.0% 
Fan 
supply/extract 
22 128 1.133 : 1 299 2-4-6-8 339 6.5% 
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Flatbank filter 0 107 0.95 : 1 - - - 0% 
Other filter 0 14 0.12 : 1 - - - 0% 
Polyseal filter 0 38 0.34 : 1 - - - 0% 
Humidifier 5 27 0.239 : 1 176 8-17 42 11.9% 
Inverter 48 147 1.300 : 1 256 2-4-6-16-17 333 14.4% 
Drive motor 55 181 1.601 : 1 261 2-6-8 418 13.2% 
Shut-off damper 4 105 0.929 : 1 140 8 130 3.1% 
Silencer 
(attenuator) 
0 142 1.26 : 1 - - - 0% 
Total 182 1247  
The part ratio was determined by counting the number of parts within each AHU in the sample of 113 
AHUs at HCP1. This was used to deduce that many parts could expect to be found in an average AHU 
across the sites used for data mining without physically surveying them. The probable number of parts 
was determined using this part ratio across the six hospitals. This was as follows: 
Table 17: Number of AHUs within each hospital included in study 
Hospital HCP 2 HCP 4 HCP 6 HCP 8 HCP16 HCP17 Total 
No. of AHUs 33 38 88 140 61 36 396 
 
The number of AHUs to which the part ratio was applied (above) was dependent on whether the 
hospital had recorded a failure. If no failure had been recorded, the hospital’s AHU count would not 
impact the part ratio.  
Where the failure percentage was greater than zero and less than one, the HCP-Hybrid CDFs were 
composed of a combination of real data collected from the projects and Monte Carlo simulated data. 
There were two possible ways of modelling the data: 
- Option 1. A hybrid curve based on the average of the actual and industry curves 
dependent on the proportion of data – For example, if you have almost no data, you 
would opt entirely for the CIBSE simulated curve. If you have a full data set, you trust 
the data completely. A 50/50 weighting of industry data/simulated data from time x, 
where x is the final recorded failure timestep. Prior to timestep x, only industry data 
would be used. 
- Option 2. A hybrid curve irrespective of whether there is a full data set or not – For 
example, where x% of failures were known to have occurred using the part ratio logic, 
the remaining percentage could be simulated to create a full distribution replicating 
the same number of parts as there are in real life. 
Option 2 was chosen as representing the truest and most representative profile. Even though no parts 
had completely failed, the composition of real and simulated data, irrespective of the proportion of 
failures, meant that the approach produced a smoother profile and reflected the notion that the 
greater the volume of industry data, the more reliable it became. 
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There were no recorded failures of silencers; this could be because they are not a rotating or moving 
part and provide noise protection from the fans inside the unit. Zero filter replacements were observed. 
This could be due to the fact that the regularity of filter changes means that the cost in time for invoicing 
and processing the purchase outweighs the cost of the items themselves. In these instances, the Monte 
Carlo simulated data would be referred to entirely. 
5.10.1 Data Analysis 
In a bid to ensure data cleanliness, two checks will be used on the collected data prior to extrapolation: 
the Anderson-Darling test and Probability Plotting. The outcome of these two data analysis methods 
will be an improved understanding of the sample data. 
The Anderson-Darling test is a statistical test of whether or not a data set comes from a certain 
probability distribution. The null hypothesis is that the data is normally distributed. The p-value is the 
probability of getting a result that is more extreme if the null hypothesis is true. 
Probability plotting has advantages, particularly with incomplete data sets, because it allows analysis to 
determine if small sets of data come from a normal distribution. Computing the cumulative probability, 
based on the data available, allows for the z-value to be calculated and plotted against the sorted data 
(the replacement times collected from the hospital invoices). The coefficient of determination of a 
linear regression (R2) will then display goodness of fit as compared with the normal distribution. The 
results of this exercise can be found in section 7.6.1. 
5.10.2 Exponential Smoothing 
Exponential smoothing in this context can be seen as an additional insurance policy and accounts for 
data points which are not yet empirical. This will be reflected in the damping factor. There is no hard 
and fast rule for assigning a damping factor (1-α) and the choice of damping factors, under the 
‘recommended’ profile, will be 0.5. The smaller the alpha value, the larger the damping factor and vice 
versa. A smaller alpha value is likely to smooth out the peaks and troughs of the failure curves more 
efficiently. It will be a point of research discussion as to which factor is best to use, while ensuring data 
quality. 
5.11 @Risk CDFs 
The CIBSE-based replacement curves were created with the intention of providing the same 
replacement-curve output, allowing a comparison to be made with the HCP data (the result of this will 
be able to be measured both in terms of replacement proposals and cost profiling).  
CIBSE recommends lifecycle replacement as a single point in time; however, regression and statistical 
manipulation allows for this point to be converted into a distribution curve. CIBSE data is generic in 
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format, rolled up to give yearly estimates based on large amounts of data. For example, a fan may be 
given a 20-year life expectancy, but CIBSE does not include much more information on how this figure 
was reached (in what environment, runtime, etc.). There is no single recognisedmethod of assigning a 
correct distribution. Software exists to enable the correct choice of distribution from a given data set.  
Commercial computer software can perform Monte Carlo calculations with relative ease, presenting 
results in simple graphs and tables. These results approximate the full range of possible outcomes, and 
the likelihood of each. When Monte Carlo simulation is applied to risk assessment, risk appears as a 
frequency distribution graph, similar to the familiar bell-shaped curve which non-statisticians can 
understand intuitively (Kirkham, 2002). @Risk was chosen as the tool to run the simulation. 
5.11.1 Manufacturers Data and RSL Data Records 
The manufacturer’s data on AHU components was searched for; however, there was no public 
information to be collected for the purposes of lifecycle planning and no product declarations or 
databases were found after a desktop study. Contact was made with McQuay, the manufacturer and 
supplier of the AHUs on site, but no response was received. O&M information in the form of as-built 
drawings and inventory spares were obtained for the air-handling units under observation. This allowed 
a detailed understanding of size and component numbers in each AHU to be formed. 
5.11.2 CIBSE Simulated Distributions – the ‘Conservative’, ‘Balanced’ and ‘Optimistic’ 
Approach Options 
Using the cooling coil profile as an example, the following profiles have been created using Monte Carlo 
simulations of the Weibull, Triangular and Rayleigh statistical distributions. 
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Figure 43: Cooling coil simulated cumulative density functions 
The Weibull distribution is largely recognised as being the truest representative of failure and it is this 
distribution that forms the basis for the Bathtub curve and its three phases. 
The macro-fixed variables across all CDFs were: 
- Lifetime – CIBSE Guide M recommended lifetimes for each part (see Figure 40) 
- Runtime per day – assumed to be 22.9 hours 
The micro variables in generating each of the CDFs were: 
- Triangular distribution – minimum life (first recorded failure from HCP data, 0 in the 
case of silencers), mean life (runtime per day according to CIBSE x lifetime), maximum 
life (mean life + difference between first recorded failure from HCP data and CIBSE 
lifetime) 
- Weibull distribution – alpha (2 for all parts save control panel which was set at 5), beta 
(runtime per day x CIBSE lifetime) 
- Rayleigh distribution – beta (runtime per day x CIBSE lifetime) 
Table 18: Distribution risk levels for lifecycle model decision-making ability 
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Distribution Decision-maker risk 
appetite level 
Risk level 
Rayleigh ‘optimistic’ High 
Triangular ‘balanced’ Moderate 
HCP Hybrid ‘recommended’ Moderate 
Weibull ‘conservative’ Low 
The Monte Carlo simulation was run over 100 iterations for each part. The results will be discussed in 
the next chapter. 
5.12 The Lifecycle Model 
Table 19: Model overview aspects table 
Model aspect Description 
Responsibility matrix / maintenance cap All works containing geometry and above the 
maintenance cap of £1,000 (excluding HEPA filters) 
AHU’s start-life date 01.01.2010 (Phase 1) and 01.01.2014 (Phase 2) 
Inflation 8 indices available to user (from BCIS database) 
Financial smoothing Not included in model 
Failure-distribution data Both HCP Hybrid and @ Risk CDFs included 
Geometry Only items included in the LoD of the geometrical 
model will be included 
Mean runtime Assumed to be 22.9hrs/day, 7 days per week (based 
on HCP1 phases 1 and 2) 
System nomenclature NRM3 
 
5.12.1 The Responsibility and Definition of Maintenance Works 
The definition of maintenance works as set out in the HFM contract between the SPV and HFM 
subcontractor encompasses any works for maintenance or repair of the Facilities that are necessary to 
ensure that the Facilities are maintained in accordance with the Service Level Specifications, the Interim 
Service Level Specifications and the Method Statements for the Estate Management Service. The 
definition also requires that the Facilities comply with the Trust's Construction Requirements and 
Project Company's Proposals (including, without limitation, the renewal or replacement of any Plant or 
equipment) throughout the Project Term.This definition does not explicitly delineate lifecycle, and 
instead describes maintenance as an all-encompassing activity in supporting the upkeep of the facility. 
The definition does not discriminate in terms of risk holding.The definition does not distinguish between 
maintenance and lifecycle. Instead, Schedule 28 (28.22) of the Hard FM Contract states:  
If, in circumstances other than an emergency, the need arises for Unprogrammed Maintenance Work 
(which includes any Reactive Maintenance Works) (excluding any works of a de minimis nature which, 
for the purposes of this Clause 28 shall be deemed to be works of a value of less than £1,000 per incident 
adjusted in accordance with RPI at the beginning of each Contract Year) in respect of which the Parties 
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and the Trust have agreed this Clause and clause 28.8 of the Project Agreement shall not apply, the Hard 
Services Provider shall not carry out any Unprogrammed Maintenance Work (which includes any 
Reactive Maintenance Works) unless and until: 
- 28.22.1 pursuant to clause 28.8 of the Project Agreement and paragraph 3(h) of 
schedule 10 to the Project Agreement, the Trust's Representative has approved the 
proposed commencement date, the proposed hours of work and estimated duration of 
the requisite Unprogrammed Maintenance Work (which includes any Reactive 
Maintenance Works). The Hard Services Provider shall be responsible for obtaining the 
Trust's approval and shall for that purpose prepare and submit, on behalf of Project Co, 
all necessary proposals relating to Unprogrammed Maintenance Work (which includes 
any Reactive Maintenance Works), pursuant to clauses 28.7 and 28.8 of the Project 
Agreement and in accordance with schedule 10 thereof; and 
- 28.22.2 Project Co and the Funders' Technical Adviser have approved any Reactive 
Maintenance Works and the costs thereof. 
In Layman’s terms, clauses 28.22.1 and 28.22.2 mean that the HFM team may not proceed with works 
unless:  
- The trust has approved the work. 
- Project Company and TA have approved the costs. 
It is to reflect Schedule 28 that only reactive maintenance and unplanned maintenance works have 
been considered in the model. Essentially, the works have been unforeseen and therefore these data 
points represent the true end of life for each component part. Perhaps most crucially, the contract does 
not strictly delineate between the parts of the equipment which is the HFM team’s responsibility and 
the parts which are the responsibility of the SPV (defined as a responsibility matrix). There is no 
responsibility matrix associated directly to AHUs at HCP1. Instead, £1,000 (otherwise known as the 
reactive maintenance cap) rising by RPI, is stated as the baseline figure which separates maintenance 
and lifecycle. It is this figure that will be included in the model, and all recorded parts with a cost below 
£1,000 will be ignored and deemed as maintenance. 
5.12.2 The Start of the AHU’s Life 
There is some conjecture as to which date provides the best footing for the lifecycle model. The dates 
were as follows: 
- Hospital commissioning date – the date the hospital was commissioned could be used;  
however, because the equipment will have been installed and tested prior to 
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operations, it may not provide a true picture of the actual hours run. Instead, it may 
skew the figures to look like the AHU had been running fewer hours to date than had 
actually been the case. It is a rose-tinted take on the number of hours run to date, and 
therefore will not be used. 
- Site-install completion document – this document specifies the date when each AHU 
was installed. It is a good guide, but because the units will have been installed over a 
period of time, and this could be the beginning, middle or end of the project, 
depending on the construction programme, it may not be the best indicator. It may 
prove useful if the key damage mechanism being recorded was corrosion or other 
environmental concerns relating to the physical degradation of materials. However, 
because the key damage mechanism is used over time, this may not be the best date 
to use as install-completion documents are often signed over prior to the AHU’s 
connection to ductwork and lagging (i.e., prior to its operation). An example of a site-
install completion document for one of the AHUs at HCP can be found in Appendix 10. 
- Pre-commissioning date – the pre-commissioning date could perhaps be more 
accurate than the previous two because it is the date when the lagging, ductwork and 
other aspects of the AHU (pertinent to its operation) were installed.  
The pre-commissioning dates for the AHUs were deemed to be the best indicators of their runtime to 
date. These dates were chosen for their ability to concatenate the two phased facilities into two base 
dates for their AHUs, enabling a clearer understanding of the model in future  
5.12.3 Failure Distribution Data 
The AHU replacement distribution-modelling sheet was built to view the replacement data and 
identifying any faults. The model is binary-based and macro-enabled to allow for easy navigation, data 
input and manipulation. The model contains tabs for each individual component and is detailed in the 
part-failure curve tab. Each curve feeds forward to allow top-level viewing; however, the data for each 
component sits within its respective tab. Appendix 11 illustrates the AHU replacement-curve model’s 
component tab, which is replicated for each component respectively. There are six major aspects to 
the component’s tab sheet. These are as follows: 
Table 20: Part replacement curve model - component tab descriptions 
Label Description Dependency 
A – Part-ratio 
calculator 
Calculates the number of parts expected on site based on the 
number of AHUs (according to ratios discussed earlier in the 
chapter) 
External data 
B – Probability 
calculator 
Considers aspects such as the number of failures as well as when 
they occurred. Outputs numerical PDFs and CDFs 
A,C,D 
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C – Replacement 
Data input 
Calculation of estimated service life based on part installation, 
replacement date and weekday/weekend runtimes. Outputs and 
hours to replacement figure for each recorded replacement figure. 
External data 
D – Binary-hour 
viewer 
A visual checking process to ensure data correctness and avoids 
data duplication or manual input errors 
C 
E – Cumulative 
density-function 
curve 
A visual profile to help estimate the replacement performance of 
each part, over time. 
A,B,C,D 
F – Tab bar A navigation bar for the user. Allows easy navigation between part-
specific replacement data and CDF visual-profile overview tab. 
N/A 
 
As can be seen from the table above, A and C are dependent on external data. On receipt of this data, 
the replacement curves can be created, forming a functional output on which replacement decisions 
can be based. This output is fed forward to the lifecycle model  
5.12.4 Financial Smoothing 
Financial smoothing has been ignored in the context of this work.  
5.13 PALM Visual Modelling Stages 
This section outlines the stages involved in creating the lifecycle visualisation tool and discusses the 
stages shown in red in the PALM architecture diagram. 
5.13.1 The BIM Model 
HCP1 contains an existing BIM model. Skanska, the company behind the initial construction of HCP1, 
were the owners of the BIM model and had commissioned the creation of the model to aid in their 
construction processes (due to the utilisation with common construction hurdles such as clash 
detection). During the transition from the facility’s construction to operational life stage, the SPV and 
HFM teams were appointed, with Skanska FM running the hard operations. When approaching the SPV 
Estates Director the model was retrieved; however, it was only available to the SPV Estates Director 
and, subsequently, to this research as a read-only model. The model comprised of individual .NWD files, 
so the read-only model was extracted and converted into a .3dm file which would be more malleable 
to computational adaptation. Prior to building the heat map, a data conversion and cleansing exercise 
had to be undertaken prior to building the model. The data-cleansing exercise consisted of the following 
steps, as illustrated in Figure 44: 
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- Step 1. The models were collected from the HCP1. The model was split into 72 separate 
.NWD files ranging in size from 23kb to 50mb. 
- Step 2. The models were imported into one common file which. The reason for the 
merge was to ensure that all the case study components, which might be needed for 
the heat mapping, were captured. It also allowed for future planning should a similar 
analysis be undertaken on other assets. 
- Step 3. The newly combined Navisworks file was then prepared and exported into .FBX 
format. 
- Step 4. The .FBX file was imported into Rhino in mesh format. 
- Step 5. The NRM3 hierarchy was created to ensure efficient ordering of the model. 
- Step 6. The geometry of the AHUs was identified and the remainder of the model was 
stripped away, reducing the file size. Once the AHUs had been identified, a separate 
process of analysing the O&M data and assigning the meshes to the NRM3 hierarchical 
structure was undertaken. 
The outcome of this process was a model which had been structured according to NRM3 with each 
subcomponent assigned. This made for an informative user interface and a benchmarked method of 
structuring the data. Figure 45 below illustrates an example AHU (AHU 36S) and how the user can view 
the geometry of the components. At this point, there is no data being channelled through the geometry. 
Figure 45 exemplifies a data-cleansed AHU consisting of a 1-mesh-per-component make-up and an 
individual assignment of each mesh within the NRM format. 
As discussed during the literature review, cases II and II in the diagram of Figure 46, below, apply 
different design approaches on the understanding that the building has already been constructed. 
Previously, it was a question as to whether an existing BIM model was available. But with the existence 
Figure 44: Data transfer flow diagram from BIM model to Geometrical model 
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of a redundant model at our disposal, an update of pre-existing BIM (path 2) was used as the path of 
model creation.  
 
 
Figure 45: AHU components (left) and NRM3 hierarchy 
 
Figure 46: Possible paths of BIM creation and chosen path based on BIM availability 
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Figure 47: The Assembled model ready for import 
5.13.2 The Geometrical Model 
Figures 48, 49 and 50, illustrate the AHU model (including the ductwork system excluding the casing, 
with all the components exposed).
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Figure 48: HCP1 Air-handling unit geometrical model including ductwork and casing 
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Figure 49: HCP1 Air-handling unit model including ductwork and excluding casing 
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Figure 50: HCP1 Air-handling unit geometrical model inclusive of 1,247 components 
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The following AHUs were missing from the model: 
- AHU47A Supply (6th floor) 
- AHU47B Supply (6th floor) 
- AHU48 Supply (6th floor) 
- AHU DE01 (7th floor) 
5.13.3 3D Heat Mapping 
The 3D Heat Map modelling was an iterative process consisting of an initial data cleansing exercise prior 
to building the heat-map logic. Based on the understanding that a 3D Heat Map is calibrated correctly, 
it can quantitatively display the predicted condition of the plant employing a basic stakeholder graphic 
using schematic colouring, making the tool intuitive to use. The ultimate aim is to show the asset 
condition, through the use of colour, on a three-dimensional level through the course of time.  
The model and its development will be discussed as a series of steps, taking an iterative process of 
building based on the understanding that: 
- It is a client-focused tool 
- It considers real-world issues involving contractual levers 
- It is an iterative process of joint inquiry between stakeholders 
The AHU-Level Visualisation is a direct output from the physical condition survey. The resulting risk level 
has been assigned to the geometry with red equalling high risk and green equalling low risk. The 
visualisation progresses through an RGB colour gradient and maps the risk values to correspond with 
their respective colours. E.g. red = 255, 0, 0 and green = 0, 255, 0 (Figure 51). 
The purpose of the AHU level visualisation is two-fold. Firstly, at a glance, it allows decision-makers the 
opportunity to see which assets are at a higher risk of failure than others. Secondly, it informs the 
replacement decision for each of the respective subcomponents it houses. 
The Component-Level Visualisation is fed data directly from the survey results. This level allows 
decision-makers the opportunity of seeing the condition of the parts at any given point in time 
throughout the concession period. The visual-degradation mechanism is based on the same principle 
as the AHU level (as seen in Figure 52). 
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Figure 51:2nd floor plant room AHU risk level visualisation 
 
Figure 52: Component level condition view -AHU 36S 
As can be seen above, each component has a different colour associated with its geometry. This level 
of detail is currently unseen in operational lifecycle modelling, and with this level of detail that a better 
degree of interrogation for proposed future replacement works can be put into practice by decision-
makers and impartial advisors. Essentially, the degradation value of each unique part is based on the 
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risk level for the AHU and the replacement curve based on the data collection. With each curve being 
different, it means that each component has a different lifespan.  
5.14 Computational Engine 
The Grasshopper engine has been built using a three-layered system: 
1. First layer: User interface 
2. Second layer: Code blocks 
3. Third layer: Code logic 
5.14.1 The User Interface 
The user interface (or control panel) is the upper level of the Grasshopper model. At this stage the 
model is assumed to be complete and it allows the user/decision-maker to interrogate and query the 
model and receive outputs in real time. The user interface will display the following information and 
data streams: 
- The year slider – the viewer can adjust the year to generate real-time outputs from the 
model. 
- The year-in period – the time at which the model is being viewed to corroborate the 
lifecycle model with the visual model and draw conclusions. 
- Stream 1 – AHU System Risk level viewer – the viewer can switch this viewport on to 
review the visual output of the condition survey. The view will hide the components 
but reveal the AHU-casing geometry where the risk level will be visible.  
- Stream 2 – AHU System Component replacement viewer – the viewer can switch this 
viewport on to review the visual output of the lifecycle model replacement proposal. 
The view will hide the AHU-casing geometry and reveal the components housed within. 
- Stream 3 – AHU Gradient Stream replacement viewer – this viewer is identical to 
stream 2; however, it displays the components on a colour gradient..  
- Stream 4 – AHU System Component unit-cost viewer – this viewport is an interrogation 
device for the asset manager/quantity surveyor for tracking the level of unit-cost 
associated with the component. Green equals little to no unit-costs and red indicates 
high unit-costs.  
- Streams 5 & 6 – AHU System Component Base and Net cost viewer – these viewports 
allow the user to understand the cost implications of the lifecycle model in real and 
nominal terms.  
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- The Colour Key – Included in the user interface, this tells users what the model is saying 
whenever they select one of the six viewport streams. 
5.14.2 The Code Blocks 
There are two code blocks: the AHU code block and the component code block, both of which contain 
packaged Grasshopper logic. Their purpose is to act as an easy user interface for the model builder. The 
packaging of the logic means that the modeller does not have to deal with the minutiae of the logic and 
can instead build their Excel lifecycle model as usual and ‘plug’ the data in. In terms of user expertise 
and future proofing, it does not put pressure on an organisation to ensure that future modellers have 
a high level of visual modelling skills as a prerequisite for being employed. The AHU-code block is 
directly connected to the Excel-based model and receives inputs including sheet number, source and 
target data and survey-risk levels. The component code block receives geometrical input in the form of 
mesh linking to Rhino. 
5.14.3 The Code Logic 
The Code Logic is nested within the AHU code block and facilitates the six data streams. The different 
streams require different data manipulation to achieve the required result. The logic diagram for 
Stream 1 is shown in Figure 53. 
 
Figure 53: Stream 1 logic diagram 
Stream 1 receives the Excel life cycle model as an input as well as source and target mapping data. 
Based on the limits of the data, the source and target inputs map the values to create the colour 
spectrum. This colour feeds forward and is assigned to the appropriate casing asset input geometry. 
The merging of geometry and data occurs prior to outputting the mesh to the model. The logic diagrams 
for streams 2-6 can be found in Appendix 12. A summary of the data streams inputs and outputs can 
be seen in the table below. 
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Table 21: Data stream inputs and outputs 
Stream Inputs Outputs 
Stream 1: AHU System risk-level viewer 
 
 Stream toggle 
 Lifecycle model – lifecycle 
worksheet 
 AHU-Risk level 
 Lifecycle model row start 
 AHU-casing geometry 
System level visualisation 
Stream 2: AHU System Component-
replacement viewer 
 
 Stream toggle 
 Lifecycle model – RGB lifecycle 
worksheet 
 Unique component list 
 Lifecycle model row start 
 AHU-component geometry 
Component level visualisation 
Stream 3: AHU Gradient Stream-
replacement viewer 
 
 Stream toggle 
 Lifecycle model – lifecycle 
worksheet 
 Unique component list 
 Lifecycle model row start 
 Component quantities in system 
 AHU-component geometry 
Component level visualisation 
Stream 4: AHU System component unit-cost 
viewer 
 
 Stream toggle 
 Lifecycle model – lifecycle 
worksheet 
 Unique component list 
 Unique component cost 
 Lifecycle model row start 
 Component quantities in system 
 AHU-component geometry 
Component level visualisation 
Streams 5: AHU System total cost during 
concession 
 
 Stream toggle 
 Lifecycle model – lifecycle 
worksheet 
 AHU total cost in concession 
 Lifecycle model row start 
 Component quantities in system 
 AHU-casing geometry 
System level visualisation 
Streams 6: AHU System total cost during 
handback 
 
 Stream toggle 
 Lifecycle model – lifecycle 
worksheet 
 AHU total cost in handback 
 Lifecycle model rowstart 
 AHU-casing geometry 
System level visualisation 
 
5.15 Tool Testing 
The tool will not be validated during this research. The true validation of PALM would be an exercise 
over a far longer timescale and would involve the reviewing of the financial predictions as well as the 
level of uptake on the visual modelling approach. Instead, testing of the tool will been undertaken in 
two ways. 
- Option Testing – this will involve the comparison between the financial profiles produced and 
the current funding profile for the air handling units. The option test will allow the benefit of a 
component level life cycle model to be illustrated through area charts and will be fiscally 
presented using the standard life cycle costing metrics as stated in Table 2. 
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- User Testing – this will involve real stakeholders from HCP having the opportunity to see and 
use the tool during their December board meeting. Following this, a series of interviews will be 
undertaken to gauge the users experience of the PALM visual modelling tool. 
 
5.16 Summary 
This chapter has presented the method for the construction of the Physical Asset Lifecycle Model. The 
research environment, objectives and nature were considered in selecting the appropriate 
methodology which fed the model within the context of the built environment to which it is to be 
applied. The PALM methodology is based on an amalgamated understanding of the subject area 
through undertaking the literature review. 
The built environment has been dominated by a plethora of quantitative-based research, and this 
methodology is of a similar ilk. Consisting of statistical modelling, cumulative distributions and 
geometrical extractions from read-only BIM models, this research presents a wholly deduced 
quantitative approach. The approach differs from the generic industry approach in two key areas: 
- An increase in reliability, transparency and a scientifically rationalised justification for 
the proposed asset lifecycle model. 
- A tool which bolsters investors’ decision-making abilities. 
Both of these differences are achieved through collecting new data and through breaking the asset 
down into its component parts rather than following CIBSE’s recommended 25 and 20-year lifetime 
cycles for the AHU asset as a whole. The latter part of the chapter disclosed the practical method of 
how the model will be built: 
- HCP 2-18 data 
- CIBSE Lifetime data 
- Asset register data 
- Engineering-risk survey 
- Financial-risk formula 
Key issues to be taken away from this Chapter are: 
- The decision-making capabilities which result from creating optimistic, balanced and 
conservative risk profiles are based on the simulated and real data. 
- The life cycle model feeds datato the visualisation element of the geometrical model. 
The geometrical model is made up of extracted .NWD data and an underlying 
computational engine which draws the data from the Excel life cycle model. 
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Chapter 6. Results 
6.1 Introduction 
At this point the research objectives from Chapter 1 should be revisited. These are: 
- To create a model building approach based on a detailed understanding of the PFI 
business model and context. 
- To develop a model to improve using the necessary factors to achieve the solution. 
- To build a model that can be translated and expanded to other projects in future. 
- To qualitatively collect and analyse feedback from stakeholders in the position of 
approving lifecycle works. 
PALM aims to integrate operational lifecycle modelling and geometrical visualisation techniques to 
provide an improved decision-making tool with regard to AHUs in a case study hospital building. This 
chapter will discuss the results of the various components within the PALM architecture diagram. These 
being: 
- Engineering risk-survey results 
- Financial risk implications of the failure of each AHU 
- Monte Carlo simulated CDFs 
- HCP UK hybrid CDFs 
- Part costs 
- Geometrical model’s impact on decision-makers 
The geometrical model’s impact on decision-making abilities will be determined by demonstrating the 
tool to the HCP Management Board and assessing their views.through interviews.  
6.2 Engineering-Risk Survey Results 
An example of the risk-survey results can be seen in Figure 54 below (AHUs 01E to 11AE).  The X-axis 
denotes the AHU and the Y-axis denotes the risk level based on the outcome of the proforma risk survey 
input. The remaining graphical outputs can be found in Appendix 13 (11AS to DE05). There are three 
sets of results which have been profiled along the Z axis, with one surveyor either side of the average 
which sits in the middle. It is the average figures which will be used in the final model and analysis, as 
they provide a median view of both surveyors’ professional opinions. The back wall and side wall show 
the colour gradient, denoting lower percentages as being risky assets (based on the seven pro-forma 
factor categories) and the higher percentages being less risky. Overall, the upper and lower risk limits 
for the model were 82% (AHUs 02S, 06S and 23AS) and 11% (AHU 30E) respectively. The AHUs have 
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been profiled numerically (as is the case with the lifecycle model and NRM3 structure in the geometrical 
model) and the results will be discussed chronologically. 
6.2.1 Air-Handling Unit 01E to Air-Handling Unit 11AE 
Graph 1 (in Figure 54) displayed a local maximum of 82% (AHU 02S) and minimum of 12% (AHU 04E). 
AHU04E was seen as particularly risky and factor category B (Design level) was assigned as ‘very high’ 
by both surveyors. This was noted as being due to the lack of access to the AHU because of extensive 
working platforms which block access doors to the internal components of the AHU. The outdoor 
environment made little impact on the risk level but the maintenance level was marked as an aspect of 
risk. There was water pooling on top of the AHU where previous maintenance had been carried out and 
presumably a workman walking on the unit had caused dents in the ceiling panels which then allowed 
water to pool. The surveyors’ evaluations of the AHUs seemed fairly consistent, with Mr Skanska 
perhaps being slightly the more reserved in some cases (AHUs 05AE, 05BE and 06E) where he assigned 
a visibly higher risk than Mr HCP. This may be due to the fact that as an operations manager on site, he 
is more aware of the risks these assets pose. The jagged fluctuations in the curves which are consistent 
across all three profiles can be accounted for by the mounting of the AHUs. Internally mounted AHUs 
scored circa 11% statistically lower-risk levels than their externally mounted counterparts. The majority 
of the extract units were mounted on the 8th floor (roof) with the exception of AHU 10E.  
6.2.2 Air-Handling Unit 11AS to Air-Handling Unit 17BS 
Graph 2 (in Appendix 13) displayed a local maximum of 80% (AHU 12S) and minimum of 26% (AHU 12E). 
There is no variance between AHUs 11AE and 11BS, because these AHUs were part of the ongoing 
construction works and were assigned a mean risk value of 62%. Post completion, it is envisaged that 
these AHUs should be resurveyed to ensure they have the correct risk rating. The surveyors were less 
consistent in terms of their views on the risk of the assets, as can be seen from the profile from AHU 
15AE onwards. AHU 15BS is a pertinent example of this with Mr HCP assigning a risk rating of 73% to 
Mr Skanska’s 59%. The difference was predominantly due to a difference of opinion around the usage-
conditions factor category, with Mr Skanska being more critical of the use of the asset. He also noted 
in the comments section of the proforma that there was a ‘steam leak on pd impulse line’ which may 
have swayed his opinion. While not a dramatic problem at present, it does indicate intensive usage and 
a weak spot in the copper due to bending of the pipework  
6.2.3 Air-Handling Unit 18E to Air-Handling Unit 28AE 
Graph 3 (in Appendix 13) displayed a local maximum of 82% (AHU 23AS) and minimum of 15% (AHUs 
27AE and 27BE). AHUs 27AE and 27BE are both located towards the south of the 8th floor, and both 
were scored identically because of their positioning on the roof. While access was seemingly readily 
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available, the doors to maintain and inspect the equipment were hard to access. Also, the lack of shelter 
from other units or coverings (being single-stacked units) coupled with high exposure to prevailing 
winds and other external agents due to the design of the building, meant that the design-level criterion 
was considered a particular risk for both assets. AHUs 20S to 24S scored similar risk ratings. The reason 
for this is their location within the facility. All of these units, whether supply or extract, were located 
internally on the second floor of the facility. The surveyors examined these units on different days, as 
they are located across both phases one and two of the facility. However, their differences of opinion 
on the units only varied as to the stack position, with middle-stacked units scoring a slightly higher risk 
rating due to increased access needs. None of these AHUs were part of a triple-stacked installation 
setup. 
6.2.4 Air-Handling Unit 29S to Air-Handling Unit 39S 
Graph 4 (in Appendix 13) displayed a local maximum of 80% (AHU 23AS) and minimum of 11% (AHU 
30E). AHU 30E, an extract unit located towards the north-east side of the 8th floor roof, is considered 
– on average – to be the technically most susceptible to failure and replacement, and therefore the 
most risky. Its design level, work-execution level and maintenance levels were all considered at least a 
‘high’ and took up 12 out of the 17-year span to which the surveyors were allowed to assign the risk-
exposure factors. The unit displayed poor access levels, signs of fatigue, dented casing and a distinct 
lack of space for manoeuvre because of adjacent restrictions and a working platform which almost 
encircled the asset at mid-level. AHUs 35AS and 35BS scored identically. The surveyors could see no 
difference between the two setups. Both were located at the bottom of a double-stack installation, 
displayed very mild risk issues because they were installed in parallel rather than perpendicular to the 
perimeter wall of the facility (with easily approachable access doors) and no obstruction from LTHW 
pipes or other duct/piping.
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Figure 54: Engineering Risk Survey Results Graphs 1 to 5 (AHU1 to AHU DE05) 
Figure 55: AHU37AS and 37BS -two empty air-handling units posing no lifecycle risk (black)
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6.2.5 Air-Handling Unit 40E to Air-Handling Unit DE05 
Graph 5 (in Appendix 13) displayed a local maximum of 80% (AHU 42AS, 42BS and 46S) and a minimum 
of 17% (AHU 42E). AHU 42AS, 42BS and 46S were all located off an internal thoroughfare within the 
building, which might explain the condition of equipment. The assets were not subject to the inevitable 
bumps and knocks caused by routine maintenance in the way that many other AHUs are, hence the 
low-risk level. AHU 42E was perhaps the most uniquely placed AHU in the facility. Located at the top of 
the only externally mounted triple-stacked unit on the 7th floor roof space, it demonstrated a high-
maintenance level due to its open accessibility. The outdoor environment was also deemed to be severe 
because it meant exposure to degradation for any unit positioned in that way and being mounted on 
top of two other AHUs increased 42E’s level of risk. 
6.2.6 Other Survey findings 
As can be seen from the results, only 110 of the 113 AHUs have been modelled. Perhaps the greatest 
discovery in the survey in terms of its overall impact on the lifecycle model funding profile concerns 
AHUs 33S, 37AS and 37BS. All three AHUs were found with either services unconnected, no internal 
components or no ductwork connected whatsoever. These assets will therefore appear black in the 
risk-level visualisation because they pose no risk. The upshot of this finding could yield upwards of 
£100,000 in lifecycle savings because of the units’ inclusion for replacement in the current lifecycle 
model for AHUs at HCP1. Another by-product of the risk survey was the identification of defects by the 
surveyors, noted in the additional notes section of the proforma. The defects identified included: 
- AHU 12E - one set of drive belts failed.  
- AHU 15BS - steam leak on impulse line. 
- AHU 24AE - slack drive belts. 
- AHU 29BE - pulsing felt from drive. 
- AHU DE01 - bulkhead light broken at rear. 
The survey was conducted over a two-week period in July and August. It yielded results which 
demonstrated that not all AHUs are the same and that some tend to perform better in terms of life 
expectancy than others. This is predominantly due to specific factor categories. These categories were 
found to influence the risk levels of the AHUs and provide a good basis for profiling the replacement of 
their component parts. The surveyors did note that assigning years of failure to individual categories 
did lengthen the survey process more than they would have liked and that assigning equal weighting to 
each of the categories would be a more time-efficient method of surveying. However, the results 
yielded from this may be dubious because it was found that some categories were seen as more critical 
than others. The descriptions of the factor categories could have been made more surveyor-friendly. 
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The category descriptions were taken pseudo-verbatim from the ISO standard to ensure consistency. 
However, looking at the survey and the time spent with the surveyors, employing different terminology 
might help new users of the pro-forma better understand exactly what is implied by the description for 
each factor category. The surveyors also thought the BCIS range of 17 years was a time-consuming 
exercise because of the mathematics involved in assigning the year impact to factor categories.The 
number 17 was chosen because it provided upper and lower limits to the results based on current 
industry leading guidance. In future, it may be better to set the ratio to 10 and map the values 
accordingly. The survey was conducted using a tablet (rather than by hand) and, while the first batch 
of AHUs took longer than expected to assess (around 14-16 minutes), this made the overall speed of 
the survey faster, with some AHUs being completed in a matter of minutes due to the same factor 
categories applying to the same types of AHUs.  
6.3 Paymech Risk-Level Results 
The graph in Appendix 14 has been created by assessing the various functional areas, units and failure-
event categories. As with the risk-based survey, the results are shown graphically to indicate that 0 (red) 
is high risk and green (1) is low risk. The actual financial implications deduced from the paymech 
calculations have been safeguarded and normalised for both data-privacy reasons and model data-
import reasons respectively. The lowest deduction was just over £1,000 according to the paymech 
calculation (the FM offices) and the highest deduction was around £400,000. The findings are based on 
the fixed variables of the three available periods per day, with one 8-hour period affected during the 
day which saw one category C service failure (Importance level: Major).AHUs serving the cardiac theatre 
suites were found to be the most financially risky assets amongst the entire AHU system. AHUs 14AE to 
18E – all extract units – were very highly regarded in terms of their criticality for two reasons. Firstly, 
the cardiac theatre suites are a place where lives are at risk; any healthcare facility is inevitably judged 
on its ability to keep mortality rates as low as possible. Secondly, the operating theatres are places with 
a non-negotiable level of environmental control because of the use of sterile equipment and the 
exposure of patients’ internal organs to the environment within the room. HEPA filters are used in 
assets serving such critical rooms.The AHUs seen to be serving the least critical part of the hospital are 
AHU 44E and 44S, both serving the FM offices. This is because the staff working in these offices are 
neither hospital staff nor patients. 
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6.4 Risk Variables and their Weighting 
 
Figure 56: Time to replacement versus probability graph 
Figure 56 above illustrates how the model differentiates between AHUs risk levels. The higher the risk 
(where 0 is the maximum risk level) the lower the expected lifecycle. This represents how the two types 
of risks feed into the lifecycle models replacement predictions. At this point, it is important to state that 
the suggested replacement will differ depending on the part’s unique probability distribution. The risk 
level of the asset (i.e. the AHU) produces a risk value which is cross-checked against the distribution on 
a part-by-part basis.  
6.5 CIBSE Simulated Distributions 
The Monte Carlo simulation was based on the mean runtime as recommended by CIBSE. However, the 
constraints of each distribution needed to be defined to ensure that the results presented a fair 
representation of the distributed lifetimes per part given by CIBSE. The lower constraints of the CDFs 
were formed by truncating the minimum value to that suggested by the data collected from the 
portfolio. This added a further element of realism to the simulated results. The upper constraints were 
formed by removing all data between the 95% percentile range and upwards. Similar data collection 
and reduction exercises have been conducted previously (Kirkham & Boussabaine, 2005). Table 22 
shows the CIBSE-recommended lifetimes (in years) for all parts within the AHUs.  The mean runtime 
data collected from HCP1 (22.9 hours) was used and converted to give an estimated-hourly lifetime, to 
be used as input for the simulation. The selection of a suitable probability distribution is very important 
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as it can have a significant effect on the results of the model (Kirkham, 2002). In the interests of model 
flexibility for decision-making purposes, the Weibull, Triangular and Rayleigh distributions have all been 
modelled. While the data collected across HCP sites has already been established as fitting well within 
the normal distribution parameters, the evaluation allows for a choice of distribution in lifecycle model 
to be made, beyond the ‘recommended’ profiles (Option 1) and provides the basis for the simulated 
conservative (Option 2), balanced (Option 3) and optimistic (Option 4) approaches. One hundred 
iterations were used in the simulation process and the results are presented below in Table 22. Because 
of the similarities in the lifespans and the combination of data for one or more parts in the HCP data, 
the cooling and frost coils, run-around and heating coils, extractor/supply fans and filters have been 
merged into one profile each. With regard to the filter profiles (because no empirical data was collected 
for this part and with filters recommended to have a 1-year lifetime, by CIBSE) a default value of zero 
was used for the local minima. While the majority of filters are assumed to fall under the maintenance 
umbrella and would therefore be excluded from lifecycle, in the case of bespoke filters (such as HEPA 
filters used in the AHUs serving the operating theatres) the cumulative-density functions were still 
useful because the cost of these parts would (in some instances) fall above the maintenance cap and 
therefore need to be included in the lifecycle. Zero silencer (attenuator) failures were recorded. This is 
most likely because the silencer is not a moving part and has an expected lifetime of 25 years, according 
to CIBSE. So rather than assuming a truncated start-life of zero, one standard deviation according to a 
normal distribution (based on the CIBSE life expectancy) is used.
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Table 22: CIBSE recommended lifetimes and conversion to hourly data 
 CIBSE LIFE 
 Recommended 
Life (Years) 
Asset Install 
Date 
Replacement 
Date 
Age when 
replaced 
Years Months Days Failure Date 
(Days) 
AHU runtime 
per day (hours) 
CIBSE Life 
Cooling Coil 15 01/01/2000 01/01/2015 15 Years, 0 
Months, 0 Days 
15 0 0 5475 22.90 125378 
Frost Coil 15 01/01/2000 01/01/2015 15 Years, 0 
Months, 0 Days 
15 0 0 5475 22.90 125378 
Heating Coil 15 01/01/2000 01/01/2015 15 Years, 0 
Months, 0 Days 
15 0 0 5475 22.90 125378 
Run around Coil 15 01/01/2000 01/01/2015 15 Years, 0 
Months, 0 Days 
15 0 0 5475 22.90 125378 
Control Panel 15 01/01/2000 01/01/2015 15 Years, 0 
Months, 0 Days 
15 0 0 5475 22.90 125378 
Fan Supply/ 
Extract 
15 01/01/2000 01/01/2015 15 Years, 0 
Months, 0 Days 
15 0 0 5475 22.90 125378 
Flatbank Filter 1 01/01/2000 01/01/2001 1 Years, 0 
Months, 0 Days 
1 0 0 365 22.90 8359 
Other filter 1 01/01/2000 01/01/2001 1 Years, 0 
Months, 0 Days 
1 0 0 365 22.90 8359 
Polyseal filter 1 01/01/2000 01/01/2001 1 Years, 0 
Months, 0 Days 
1 0 0 365 22.90 8359 
Humidifier 10 01/01/2000 01/01/2010 10 Years, 0 
Months, 0 Days 
10 0 0 3650 22.90 83585 
Invertor 20 01/01/2000 01/01/2020 20 Years, 0 
Months, 0 Days 
20 0 0 7300 22.90 167170 
Motor 15 01/01/2000 01/01/2015 15 Years, 0 
Months, 0 Days 
15 0 0 5475 22.90 125378 
Shut-off damper 15 01/01/2000 01/01/2015 15 Years, 0 
Months, 0 Days 
15 0 0 5475 22.90 125378 
Silencer 25 01/01/2000 01/01/2025 25 Years, 0 
Months, 0 Days 
25 0 0 9125 22.90 208963 
 
A statistical distribution-generated set can be seen in Figure 57, below (Cooling and frost coil).  The remaining parts distributions from Table 22 and their full 
statistics can be found in Appendix 15.  
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Figure 57: Cooling and frost coil failure distributions 
Distribution 
Lifecycle 
Pseudonym 
Risk Profile 
Parameters 
Min 
Max  
(95% perc.) 
Mean 
Standard 
Deviation 
Variance Skewness Kurtosis 
y α β Min life Mean Life Max Life 
Weibull Conservative Low 0 2 125,378 n/a n/a n/a 12489.5 210940 
 
111707.2 57407.09 3.29+E09 0.5746993 2.953995 
Triangular Balanced Medium n/a n/a n/a 10,672 125,378 240,083 25518.3 202604.8 
 
125432.2 47092.8 2.21+E09 0.01120863 2.429628 
Rayleigh Optimistic High n/a n/a 125,378 n/a n/a n/a 13995.44 298652.1 
 
157165.3 80874.23 6.54+E09 0.5408548 2.858517 
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6.5.1 Summary of Results 
The nature of lifecycle prediction is based on the CIBSE data presented in Table 22. The simulation of 
three differing cumulative-density functions provides flexibility in assuming failure rates for the 
differing parts.  
Table 23: Simulated lifetimes converted from hours to years 
 Weibull Distribution Triangular Distribution Rayleigh Distribution 
Part 
Minimum Life 
(yrs) 
Maximum Life 
(yrs) 
Minimum Life 
(yrs) 
Maximum Life 
(yrs) 
Minimum Life 
(yrs) 
Maximum Life 
(yrs) 
Cooling & frost 
coil 
1.49 25.61 2.72 24.05 2.35 36.17 
Heating & Run 
around coil 
2.60 25.96 4.26 23.38 3.35 36.56 
Control Panel 10.03 18.62 10.61 18.40 10.08 37.29 
Fan 2.82 25.65 3.14 23.49 2.80 35.95 
Filter 0.09 1.72 0.12 1.68 0.08 2.41 
Humidifier 8.63 19.03 8.76 10.95 8.66 25.82 
Inverter 5.58 34.95 7.45 29.70 5.83 49.10 
Motor 2.41 13.11 2.96 10.88 2.49 18.06 
Shut-off 
damper 
6.58 26.66 7.54 20.67 6.52 36.35 
Silencer 5.29 43.49 5.79 38.52 5.72 60.14 
One of the key drawbacks in trying to deduce and simulate profiles for each of the parts is the distinct 
lack of data in the field of lifecycle. Because of its commercial value, few manufacturers or companies 
are prepared to divulge hard data (hence the data collection) and so the majority of the Lifecycle 
Costing industry is dependent on the ‘single point estimate’ given by CIBSE.  The table above illustrates 
the output of the Monte Carlo simulations. The results have been converted into yearly lifetimes for 
import into the lifecycle model. By and large, the Weibull distribution demonstrates the most modest 
lifecycle replacement prediction and the Rayleigh distribution provides a riskier standpoint. The 
maximum life of any component under any of the simulations is 60.14 years. This silencer replacement, 
according to the Rayleigh (simulated optimistic) simulation, is perhaps somewhat optimistic. However, 
given the nature of the part and its purpose (sound proofing), it is unlikely to require routine 
maintenance in the same way that some of the rotating assets do and, as zero failures for this part have 
been recorded to date, the assumption may stand until at least one of these parts has been recorded 
as being replaced. 
6.5.1.1 Option 2: The Conservative Approach 
One of the key drawbacks was the fact that the beta value for the Weibull distribution could often be 
the same because of the similarities of lifetime expectancies across different parts, as dictated by CIBSE. 
The differing minima, as dictated by the first recorded HCP failure, helped to ensure that the part 
differences were picked up. The alpha value remained at 2 for the majority of failure distributions. 
However, the control-panel failure distribution’s alpha value was altered to 5, to take the comparatively 
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high minimum value (83,790 hours) into account. This ensured that the Weibull curve-shape was 
consistent in that its indications of peak failure in time occurred around 30% into the distribution. The 
two parts which demonstrated the latest initial replacement also demonstrated the narrowest variation 
in terms of part cost. 
6.5.1.2 Option 3: The Balanced Approach 
The balanced approach (Triangular distribution) received 3 input variables, the minima, mean and 
maxima values. The minimum value was the earliest failure recorded from the HCP data set, and this 
meant that there was no truncation of values necessary as with the Weibull and Rayleigh distributions. 
The mean value was taken to be mean lifetime from CIBSE and the maximum was taken to be the mean 
minus the minimum to ensure consistency. The results of the balanced approach are fairly consistent. 
The one-part failure curve which could be deemed to be rather more conservative is that of the control 
panel, because the control panel displayed an unusually high first failure rate according to the HCP data. 
As to be expected, the skewness of the results from the balanced approach were both positive and 
negative. Ranging from -0.044 (silencer) to +0.021 (filter). The Triangular distribution is consistent in 
terms of its asymmetrical structure and the marginal skewness figures represent this. The truncated 
minimum values for each part are responsible for the slight change seen in skewness across the parts. 
Kurtosis across the parts under the triangular profile are high, often >3. The reason for this figure is the 
fact that the distribution is triangular in shape and therefore there is almost zero flatness at the peak 
of the histogram profile. 
6.5.1.3 Option 4: The Optimistic Approach 
One of the key drawbacks was the fact that the Rayleigh distribution had only one variable - alpha. This 
meant that where CIBSE recommended that different parts have the same or similar lifespans, there 
would be little difference between them. However, the inclusion of real data as a means of truncation 
for the local minima ensured that there would be differences between different parts with regard to 
the optimistic approach. The Rayleigh distribution produced largely positive skewness results, ranging 
from 0.55 (filter) to 0.96 (humidifier). This suggests that the distribution is marginally positively skewed 
and suggests a slightly front-loaded view of failures over time, for all parts. 
6.6 HCP Hybrid Distributions 
The HCP hybrid cumulative-density functions were created using a combination of real data collected 
from the HCP hospital data-collection exercise and was (where necessary) combined with the CIBSE 
data. The output of using both real and CIBSE data is a recommended profile (option 1) for each of the 
parts respectively. The HCP-hybrid CDFs provide a fourth profiling option for the lifecycle model. It was 
necessary to combine the real data with the guidance data because none of the parts for which data 
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was collected exhibited a 100% failure rate. This meant that only a portion of the curve could be 
represented using the real data. Prior to creating the profiles, a probability-plotting exercise and 
Anderson-Darling test was performed on the data to test its fit to a normal distribution curve.  
As discussed prior, no data was collected for the following parts: 
- Filters 
- Silencers 
The reason is that they are often not recorded under lifecycle (in the case of filters) or that they are 
recorded under lifecycle but have not exhibited any failures (in the case of silencers). In any case, where 
zero replacement data has been collected, the balanced (Triangular) profile for a part will be used in its 
place. 
6.6.1 Data Fitting: Probability Plotting and Anderson-Darling Testing 
The data-collection exercise did not record 100%-part failure for any subcomponent, and so for that 
purpose, it was difficult to determine the hypothetical shape of the curve, had all the replacement-data 
samples been collected. The following histogram illustrates such a point. 
 
Figure 58: Motor histogram 
It can be argued that the use of histograms (where data is limited or incomplete) provides limited 
information on the shape of the curve. Before modelling the profiles of the parts based on the data 
collection, a probability-plotting exercise combined with an Anderson-Darling test was undertaken on 
each of the parts’ data samples in order to analyse the goodness of fit. A normal probability plot was 
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used as the null hypothesis. A normal probability plot can be used to determine if small sets of data 
come from a normal distribution without necessarily having the whole data set (Kirkham, 2002). The 
normal probability-plotting exercise allowed for data analysis for calculating which failure distribution 
would be best for extrapolating the values of the remaining part of the curve (which had not been 
collected because the parts had yet to fail).  
Figure 59 (below) illustrates the probability plot based on the cooling and frost-coil data sample. The 
remaining parts’ probability plots can be found in Appendix 16.  As can be seen from the probability 
plots, each of the parts (save the filters and silencers, due to an absence of data) exhibited a fair to 
good fit under regression, illustrating a minimum value of 0.8951 (motors) and a maximum value of 
0.9623 (cooling and frost coil). The reason for the poorer fit ratio amongst motors and inverters may 
be due to the fact that the invoice data collected for each of the parts discloses the purchase date of 
the part – not the replacement date. The multiple data points at any given time – as can be seen at 
around 47,000 hours in the inverter-probability plot – could be the result of a bulk purchase of parts 
(perhaps for reasons of economies of scale) with staggered replacements thereafter. While numerous 
works allude to a three-part Weibull distribution as underpinning the Bathtub curve (and indeed this 
has been used in the creation of the CIBSE-based curves, the staple diagram for any failure prediction) 
the data collected by-and-large tends towards a normal distribution. As discussed during the literature 
review, the AD test will ensure that the hybrid-replacement curves adhere to a normal distribution or 
not. The AD test was used here in preference to the other compatibility-of-fit tests discussed in the 
literature (Maio, 2000; Kirkham, 2002) because of its ability to detect any discrepancies in the tails of 
the distributions. 
Chapter 6. 
Results 
143 
 
 
Figure 59: AHU component part probability plot based on data collected from HCP hospitals (cooling and frost coil data points) 
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The Anderson-Darling test of the sample data highlighted the following statistics: 
Table 24: Results from the Anderson Darling Test and Regression analysis 
Part 
Cooling/fros
t coil 
Heating/run 
around coil 
Control 
panel 
Fan Humidifier Inverter Motor 
Shut-off 
damper 
Sample 24 20 4 22 5 48 55 4 
P-Value 0.333 0.386 0.600 0.2531 0.245 0.00044 3.35E-05 0.339 
Regression 
Analysis 
0.9623 0.9563 0.9522 0.946 0.9131 0.8996 0.8951 0.8983 
Accept null 
hypothesis? 
Y Y Y Y Y N N Y 
All p-values apart from the inverter and motor (R2 = 0.00044 and 3.35E-05 respectively) sample data 
returned a value of p>0.05. Therefore, the null hypothesis that the data is normally distributed can be 
accepted for all the data sets, apart from those associated with the inverter and motor. The reason for 
the rejection of the null hypothesis in these two instances is because there is a front loading of data 
points. Where the null hypothesis was rejected, the data will be used to produce a hybrid curve based 
on the Weibull distribution because it is a front-loaded failure curve and therefore best representative 
of the front loaded nature of the data collected. Apart from these two parts, the HCP-hybrid curves 
were formed in conjunction with a normal distribution based on the probability plots and AD testing.  
The lower limit of the distribution is set by using the latest recorded failure so that the profiles consist 
of HCP data for the first part of the curve and Monte Carlo data for the remainder. Rather than using 
the first recorded data point for each part, by using the last data point, it meant that the profile would 
be a truer extrapolation from the data collected to date.  
𝐼𝑚𝑐 = (
𝑛
𝑃𝑅
 . 100) − 𝑛 
- where I is the number of iterations necessary for the part, n is the number of recorded failures and PR 
is the part ratio based on HCP1 air-handling unit observations.  
The upper bound was left open ended in this case because all the data points in the simulation were 
needed to achieve the ‘probable number of parts’ figure. 
Table 25: A table showing the mixture of HCP and CIBSE data points 
Part 
Cooling/f
rost coil 
Heating/run 
around coil 
Control 
panel 
Fan Humidifier Inverter Motor 
Shut-off 
damper 
Sample 24 20 4 22 5 48 55 4 
Earliest Failure 10,672 21,720 83,790 21,091 71,694 45,414 9,844 53,625 
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Latest recorded 
failure 
74,750 96,439 92,394 83,566 99120 104,736 56,304 67,106 
HCPs with 
recorded failures 
WHI/ 
JCU/QEH
/OJR 
QEH/ JCU/ WHI WAL 
QEH/ WHI/ 
JCU/ OJR 
HRM/ JCU 
QEH/OJR/WH
I/WAL/HRM 
QEH/WHI/HR
M/WAL/JCU 
JCU 
Probable number 
of parts based on 
part ratios 
236 404 51 339 42 333 418 130 
% Failed to date 9% 4% 8% 6% 12% 14% 13% 3% 
Simulated data 
points 
212 384 47 317 37 285 363 126 
Hybrid Distribution Normal Normal Normal Normal Normal Weibull Weibull Normal 
In terms of variables for the distribution simulation, the two variables to derive were the mean (μ) and 
the standard deviation (σ). The mean was taken to be the one set by CIBSE and the standard deviation 
was taken to be the variance of the mean of the values for the data points within the HCP sample.  
6.6.2 Cooling and Frost Coil Distribution 
 
Figure 60: Cooling and Frost Coil Hybrid distribution 
 
Table 26: Cooling and frost coil statistics 
Distribution 
Lifecycle 
Pseudonym 
Risk 
Profile 
Parameters 
Min Max Mean 
Standard 
Deviation 
Variance Skewness Kurtosis 
μ σ 
HCP 
/ Normal Recommended Medium 125,378 17,197 10,672 176,907 117,380 29,519 8.71E+08 -1.4314 2.308947 
The moving average of the original data was taken over three time steps and the damping factor under 
exponential smoothing was set at 0.8. The mean was taken to be the one set by CIBSE and the standard 
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deviation was taken to be the variance of the mean of the values for the data points within the HCP 
sample. As can be seen from Figure 59, the data, as predicted under the Anderson-Darling test, 
conforms well to the normal distribution. The lower bound was 10,672 (1.27 years) as set by the first 
recorded piece of HCP data. The lower bound of the CIBSE simulation was 9,654 with a bounded 
minimum of 10,672. The Monte Carlo simulated 212 remaining part failures returned a maximum value 
of 176,907 hours (21.2 years). This is because the simulation was left unbounded. The mean for the 
hybrid data set was found to be 117,380 (14 years). The hybrid data set was found to have a skewness 
of -1.4314, indicating a slight back loading of data. However, this is in part due to the fact that the HCP 
data occupies the left tail of the histogram and has been set as fixed quantities, thus meaning the left 
tail is fixed entity. The kurtosis of the data set was found to be 2.308947 and further establishes the 
fact that the almost asymmetrical distribution has a tail to the left. The variance was found to be 8.7108.  
6.6.3 Heating and Run-Around Coil Distribution 
The heating and run-around coil simulation consisted of 384 simulated data points. The moving average 
of the original data was taken over three time steps and the damping factor under exponential 
smoothing was set at 0.8. As mentioned previously, the mean was taken to be the one set by CIBSE and 
the standard deviation was taken to be the variance of the mean of the values for the data points within 
the HCP sample. The data fits well to the normal distribution and is reflected in the high regression-
analysis statistic derived from the probability plot (r2>0.95). The lower bound of the data set was 21,270 
as applied by the first recorded data set (2.6 years). The maximum value predicted was 191,286 hours 
(22.9 years). The mean for the hybrid data set was 126,313 (15.1 years), less than 1,000 hours different 
to the CIBSE guidance indicating a good fit between the HCP data and the normal distribution.  
 
 
Figure 61: Heating and run around coil hybrid distribution 
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Table 27: Heating and run around coil statistics 
Distribution 
Lifecycle 
Pseudonym 
Risk 
Profile 
Parameters 
Min Max Mean 
Standard 
Deviation 
Variance Skewness Kurtosis 
μ σ 
HCP 
/ Normal Recommended Medium 125,378 22,528 2,1720 191,286 126,313 24,329 5.91E+08 -0.87843 2.874905 
The hybrid data set demonstrated a skewness of -0.87843, indicating a slight back loading of data and 
conforming to the slightly higher mean life expectancy for the part. The kurtosis of the data set was 
2.874. This indicates that there is a wider spread of data points in the left tail of the curve and suggests 
that the slope of the curve predicted by the simulation could be slightly flatter if all the data on the coils 
was available. The variance was 5.9108. 
6.6.4 Control Panel Distribution 
The control panel consisted of 47 simulated data points totalling 51 when combined with the 4-point 
data sample collected from the hospitals. The moving average of the data was smoothed over three 
time steps and the damping factor under exponential smoothing was set at 0.8. The data fits well to 
the normal distribution based on the p-value of 0.600 and r2 value of >0.95. The lower bound of the 
data set was 83,790 hours, according to the first recorded data point. This translates to a yearly 
minimum of just over 10 years. The maximum value predicted was 209,278 hours (25 years). The mean 
for the hybrid data set was found to be 133,670 (16 years). 
 
Figure 62: Control panel hybrid distribution 
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Table 28: Control panel statistics 
Distribution 
Lifecycle 
Pseudonym 
Risk 
Profile 
Parameters 
Min Max Mean 
Standard 
Deviation 
Variance Skewness Kurtosis 
μ σ 
HCP 
/ Normal Recommended Medium 125,378 36,768 83,790 209,278 133,670 29,854 8.91E+08 0.437237 -0.35397 
The hybrid data set was found to have a skewness of 0.437, indicating a slight front loading of data. The 
kurtosis of the data set was found to be -0.354. This indicates that there is a marginally wider spread of 
data points in the right tail of the curve. However, because the kurtosis value is so slight there will be 
little to no difference between the tails of the curve when viewed on a cumulative density graph ( shown 
in Appendix 17). The variance was found to be 8.9108.  
6.6.5 Supply and Extract Fan Distribution 
The supply and extract fans profile is comparatively sparse in comparison to profiles underpinned by 
CIBSE’s 15-year life-expectancy figure. This is partly due to the comparatively high number of recorded 
failures (22) along with the low first replacement ratio at 21,091 hours (2.5 years) at HCP2 and the wide 
range covered between this and its last recorded failure at 83,566 hours. The skew of the data set is 
negative at a value of -1.07841, further highlighting the impact of the inclusion of the HCP data and 
moving the normal distribution away from its naturally occurring asymmetrical shape. The standard 
deviation of the hybrid curve has increased from 19,954 to 25,877. Again, this acts as an indication of 
the inclusion of the two data sets. The fans’ typical s-curve displayed a minimum, maximum and mean 
value of 21,091, 180,543 and 121,636 hours respectively. Translated into years at the standard metric 
of 22.9 hours of runtime per day, these figures equate to 2.5, 21.6 and 14.6 years.  
 
Figure 63: Fan (supply and extract) hybrid curve 
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Table 29: Fan (supply and extract) statistics 
Distribution 
Lifecycle 
Pseudonym 
Risk 
Profile 
Parameters 
Min Max Mean 
Standard 
Deviation 
Variance Skewness Kurtosis 
μ σ 
HCP 
/ Normal 
Recommended Medium 125,378 19,954 21,091 180,543 121,636 25,877 6.69+E08 -1.07841 2.411784 
 
6.6.6 Humidifier Distribution 
There were 5 sample data points for the humidifier data collection ranging from 71,964 to 99,120 hours. 
Figure 64: Humidifier hybrid curve 
Table 30: Humidifier statistics 
Distribution 
Lifecycle 
Pseudonym 
Risk 
Profile 
Parameters 
Min Max Mean 
Standard 
Deviation 
Variance Skewness Kurtosis 
μ σ 
HCP 
/ Normal Recommended Medium 83,585 11,026 71,964 117,136 104,124 7828.936 6.12E+07 -1.89219 6.855024 
 
The percentage replaced to date is 12% (5 of 42). It should be noted that the humidifier did display one 
of the lower r2 coefficients from regression analysis, a little over 0.91. This raises further questions as 
to what the limit should be when deducing whether a data set conforms to a certain distribution or 
whether, in this instance, the null hypothesis should have been rejected and an alternative profile for 
extrapolation should have been used instead. The lower bound of the data set was 71,964 (8.6 years) 
as set by the first recorded data point. The Monte Carlo-simulated 37 remaining-part failures returned 
a maximum value of 117,136 hours (14 years). This is because the simulation was left unbounded. 
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However, the mean for the hybrid data set was found to be 104,124 (12.45 years). The distance 
between the mean and maxima further highlights the narrow range. The hybrid data set was found to 
have a skewness of -1.8, indicating a back loading of data. The kurtosis of the data set was found to be 
6.855 and further establishes the fact that the almost asymmetrical distribution has a tail to the left.  
6.6.7 Inverter Distribution 
The inverter was modelled using a Weibull-simulated distribution because the results from the 
probability plot and Anderson-Darling test returned figures of r2= 0.8996 and p=0.00044.  
 
Figure 65: Inverter hybrid curve 
Table 31: Inverter statistics 
Distribution 
Lifecycle 
Pseudonym 
Risk 
Profile 
Parameters 
Min Max Mean 
Standard 
Deviation 
Variance Skewness Kurtosis 
α β 
HCP 
/ Normal Recommended Medium 5 167,170 45,414 249,008 153,781 39,481 1.55+E09 -0.82349 0.868242 
Alpha (scale) and beta (shape) values were 5 and 167,170 (mean) respectively. As mentioned in Chapter 
3, there is no hard and fast rule for assigning an alpha value. However, the higher the value, the 
narrower the profile. Five was seen as an apt figure to use because it returned an unbounded upper 
limit of 249,008 hours (this equates to 29.8 years) which, for a part with a recommended CIBSE lifetime 
of 20 years, provides a reasonable spread of future failures. The scale parameter may be altered to 
avoid ‘kinks’ in the curve but with the HCP data and the number of parts in total being fixed variables, 
this could only have been avoided by elongating the distribution. Under these alpha and beta 
parameters, the minimum and mean values were found to be 45,414 and 153,781 hours (5.4 and 18.4 
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years) respectively. The profile displayed a slightly negative skew, which indicates a slightly back-loaded 
profile. The kurtosis value was found to be 0.868, with a standard deviation of 39,481. The Weibull 
distribution was used because the HCP data points did not conform to a normal distribution for this 
part. The Weibull was seen as the default distribution to model against for three reasons. Firstly, the 
data-sample points as observed from probability plotting were non-conformative to a normal 
distribution and displayed a low r2 value (0.8996). Secondly, the Anderson-Darling test returned a 
rejection of the null hypothesis.  The Weibull curve is the failure distribution which forms the iconic 
Bathtub curve. Finally, the p-value falls below 0.005 and so according to the Anderson-Darling test, 
there should be a rejection that the data points form the beginning of a normal distribution curve.  
6.6.8 Motor Distribution 
 
Figure 66: Motor hybrid curve (CIBSE &HCP) 
Table 32: Motor Statistics 
Distribution 
Lifecycle 
Pseudonym 
Risk 
Profile 
Parameters 
Min Max Mean 
Standard 
Deviation 
Variance Skewness Kurtosis 
α β 
HCP 
/ Normal Recommended Medium 5 62,689 9,844 84,790 59,024 15,129 2.28+E08 -2.04985 3.472559 
While these figures are statistically aligned to the other parts of the AHU, motors are unique in that 
they are often run in tandem with another motor and therefore the runtime of the AHU does not 
accurately represent the motor’s runtime. Therefore, the runtimes of each component recorded failure 
(to date) will be assumed to be 50% of the time then divided by two to take account of the fact that 
although an AHU may be run for 24 hours, it is likely that the motor has only been used for half this 
time. This is a more risk-averse approach because the AHUs classed as serving critical areas always 
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contain two externally mounted motors. The motor was modelled using a Weibull-simulated 
distribution because the results from the probability plot and Anderson-Darling test returned figures of 
r2= 0.8951 and p=0.000033. The profile displayed a highly negative skew, which indicates a back-loaded 
profile. The kurtosis value was found to be 3.472, with a standard deviation of 15,129.  Alpha (scale) 
and beta (shape) values were 5 and 62,689 (mean) respectively. As mentioned in Chapter 3, there is no 
hard and fast rule for assigning an alpha value. However, the higher the value, the narrower the profile. 
Statistical guidance on the topic suggests 3.5, however in this instance 5 was seen as a realistic figure 
to use because it returned an unbounded upper limit of 84,790 hours (10.1 years). This equates to 20.3 
years at the default runtime per day, divided by a factor of two. To use a lower scale factor would risk 
elongating the range and kurtosis of the data set and risk elongating the proposed lifetimes of what is 
seen to be perhaps the most crucial of the AHU parts because of the rotating subcomponents. 
Subcomponents such as bearings are a common feature in HFM teams’ reactive maintenance regimes 
and therefore a risk-averse approach was seen as being the optimum assumption in this instance. 
Under these alpha and beta parameters, the minimum and mean values were found to be 9,844 and 
59,024 hours (1.18 and 7.1 years) respectively.  
6.6.9 Shut-off Damper Distribution 
 
Figure 67: Shut-off damper hybrid curve 
 
 
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
4
0
0
0
0
4
4
0
0
0
4
8
0
0
0
5
2
0
0
0
5
6
0
0
0
6
0
0
0
0
6
4
0
0
0
6
8
0
0
0
7
2
0
0
0
7
6
0
0
0
8
0
0
0
0
8
4
0
0
0
8
8
0
0
0
9
2
0
0
0
9
6
0
0
0
1
0
0
0
0
0
1
0
4
0
0
0
1
0
8
0
0
0
1
1
2
0
0
0
1
1
6
0
0
0
1
2
0
0
0
0
1
2
4
0
0
0
1
2
8
0
0
0
1
3
2
0
0
0
1
3
6
0
0
0
1
4
0
0
0
0
1
4
4
0
0
0
1
4
8
0
0
0
1
5
2
0
0
0
1
5
6
0
0
0
1
6
0
0
0
0
1
6
4
0
0
0
1
6
8
0
0
0
P
ro
b
ab
ili
ty
 o
f 
fa
ilu
re
Time (hours)
Chapter 6. 
Results 
153 
 
Table 33: Shut-off damper statistics 
Distribution 
Lifecycle 
Pseudonym 
Risk 
Profile 
Parameters 
Min Max Mean 
Standard 
Deviation 
Variance Skewness Kurtosis 
μ σ 
HCP 
/ Normal Recommended Medium 83,585 14,379 53625 161,197 123,316 18,149 3.29E+08 -1.22349 3.365304 
The shut-off damper displayed one of the more typical profiles after combining the data sets. It 
performed well in the Anderson-Darling test, yielding a value of 0.333 respectively. The kurtosis of the 
data set can best be exemplified in Appendix 17. The chart demonstrates a flat peak and this will 
account for the high kurtosis figure (such is the nature of the Monte Carlo simulation). The hybrid profile 
demonstrated a minimum lifetime of 53,625 hours, a mean lifetime of 123,316 hours and a maxima 
lifetime of 161,197. This translates into a minimum, mean and maximum life expectancy of 6.4, 14.8 
and 19.3 years, respectively. The shut-off damper displays a narrower profile than some of its 
counterparts and this could be explained by the narrowness of the data set collected. The variance was 
found to be 3.2908 with a standard deviation of 18,149 hours.  
6.6.10 Summary of Results 
The following table provides a summary of the HCP-distribution curves (and the CIBSE-distribution 
curves) as well as the four options for modelling the part lifetimes presented, which have been 
converted into yearly figures for import into the life cycle model: 
Table 34: Lifecycle distribution results table 
 HCP Distribution Weibull Distribution Triangular Distribution Rayleigh Distribution 
 Option 1 Option 2 Option 3 Option 4 
Part 
Minimum 
Life (yrs) 
Maximum 
Life (yrs) 
Minimum 
Life (yrs) 
Maximum 
Life (yrs) 
Minimum 
Life (yrs) 
Maximum 
Life (yrs) 
Minimum 
Life (yrs) 
Maximum 
Life (yrs) 
Cooling & 
frost coil 
1.3 21.2 1.5 25.6 2.7 24.1 2.4 36.2 
Heating & 
Run around 
coil 
2.6 22.9 2.6 25.9 4.3 23.4 3.4 36.6 
Control 
Panel 
10.0 25.0 10.0 18.6 10.6 18.4 10.1 37.3 
Fan 2.5 21.6 2.8 25.7 3.1 23.5 2.8 35.9 
Filter n/a n/a 0.1 1.7 0.1 1.7 0.1 2.4 
Humidifier 8.6 14.0 8.6 19.0 8.8 10.9 8.7 25.8 
Inverter 5.4 29.8 5.6 34.9 7.5 29.7 5.8 49.1 
Motor 1.2 10.1 2.4 13.1 2.9 10.9 2.5 18.1 
Shut-off 
damper 
6.4 19.3 6.6 26.7 7.5 20.7 6.5 36.4 
Silencer n/a n/a 5.3 43.5 5.8 38.5 5.7 60.1 
Four alternative life cycle model profiles will be built using these four options. The results will be 
compared to the current profile which HCP is currently assigning funds to. This profile will be known as 
the current option, or Option C. In the instances where there is no lifetime guidance under the HCP 
distribution (filters and silencers), the Weibull distribution will be used in lieu.  
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In the next section, the created profiles of the four optional distributions will be compared against 
Option C: the current distribution. This distribution is what HCP currently has ‘planned’ for its air-
handling units at HCP1. The current way of modelling is done on an AHU-level, is survey-led and 
proposes no part replacements. The results of this model currently form the basis of how much capital 
the company plans to set aside for the current year. 
The part-costing exercise meant that an understanding of the variety of costs which can be found across 
the equipment parts inventory could be attained. Part costs were collected for all parts except for 
flatbank/polyseal filters and silencers. Although the distributions combined parts to form more accurate 
lifecycle profiles when actually creating the distributions, the part-cost data kept each part separate so 
that the cost of parts could be delineated. This led to a shallower sample set per part, but less distillation 
of the costs. The mean costs of the parts will be used in conjunction with the appropriate inflation 
index, for creating 4 lifecycle profiles. The result of these profiles will be a financial model which will 
indicate how much capital decision-makers should expect to spend within each financial year. 
6.7 Part Costing 
As part of the data collection process, costing for parts was undertaken with a view to creating more 
accurate costs for parts. A total of 101 cost samples were collected for parts. Not all the parts collected 
contained cost information and this is due to the way in which the data has been stored on each site.  
The breakdown of these costs can be seen in the table below. In previous studies (Kirkham, 2002) a 
method of data reduction was based on measuring the proximity in two-dimensional space between 
gross-floor area and cost. However, because of the nature of the assets being costed, there is no need 
for a £/m2 metric or any other mode of comparison as they all form part of the same asset which is 
eventually measured in two-dimensional space on an asset level (i.e. AHU cost/m2). Previous studies 
have also indicated where data-reduction techniques were necessary.  
Motors exhibited the largest number of cost samples with no less than 44 data samples collected. No 
silencer failures were recorded, and as such, no cost data was recorded for this part. This is assumed 
to be because they are a non-moving part and have the highest recommended lifetime in CIBSE 
guidance. However, after contacting Allaway Acoustics, a well-known manufacturer of attenuators, a 
part cost of £228 was quoted based on the mean volume across the AHUs. The correspondence can be 
found in Appendix 18. There was also a lack of cost data for flatbank and polyseal filters; however, this 
is assumed to be due to the fact that because of their low cost and frequent replacement, they would 
be bracketed under planned-preventative maintenance and therefore should be excluded from 
lifecycle. The box-plots provide inter-quartile ranges which allows for conservative (Q3), balanced 
(mean), and optimistic (Q1) costs to be used in the lifecycle-modelling process. The maxima and minima 
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data points will be ignored because of the large amounts of variance they display, particularly with 
regard to heating/cooling coils, fans and inverters, which are some of the more expensive components.
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Figure 68: Interquartile cost-ranges for AHU components 
Table 35: Box-plot of part cost data samples and descriptive statistics 
 Cooling 
Coil 
Frost Coil Heating 
Coil 
Run 
Around 
Coil 
Control 
Panel 
Fan Flatbank 
Filter 
Other 
Filter 
Polyseal 
Filter 
Humidifier Invertor Motor Shut-off 
Damper 
Silencer 
Sample 5 4 6 5 4 16 0 1 0 5 13 44 2 0 
Minimum £887 £1730 £1980 £500 £2100 £233.54 n/a £715.83 n/a £3569 £1396 £225 £1171 n/a 
Q1 £2746 £2007.5 £3760.25 £1295 £2508.75 £421.4225 n/a £715.83 n/a £4100 £1727 £445.7075 £1408.25 n/a 
Median £3500 £2175 £4915 £1430 £2720 £1027 n/a £715.83 n/a £4341.35 £1873.76 £980.25 £1645.5 n/a 
Q3 £4500 £2500 £6641.25 £2230 £2900.97 £1646.385 n/a £715.83 n/a £4733.13 £3059.5 £2019.483 £1882.75 n/a 
Maximum £7500 £3250 £10625 £3120.02 £3218.88 £5490 n/a £715.83 n/a £5253 £6017 £4580.94 £2120 n/a 
Sum £19133 £9330 £33027 £8575.02 £10758.88 £22328.3 n/a £715.83 n/a £21996.48 £32297.02 £56807.18 £3291 n/a 
Mean £3826.6 £2332.5 £5504.5 £1715.004 £2689.72 £1395.519 n/a £715.83 n/a 4399.296 2484.386 1291.072 £1645.5 n/a 
Kurtosis 1.073337 2.294286 0.859801 -0.16484 1.07073 4.535223 n/a n/a n/a -0.19925 4.319383 1.167901 n/a n/a 
Skewness 0.662701 1.314971 0.91071 0.429027 -0.37703 1.951585 n/a n/a n/a 0.096747 1.97195 1.198383 n/a n/a 
Variance 4772589 316418.8 7679303 794631.2 160215.9 1772107 n/a 0 n/a 324516.6 1517759 1021633 225150.3 n/a 
St Dev 2184.626 562.5111 2771.156 891.4209 400.2698 1331.205 n/a 0 n/a 569.6636 1231.974 1010.759 474.5 n/a 
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The part costs do not include any on-costs such as labour. Therefore, recommended guidance from 
CIBSE and BCIS will be used in its place for taking this margin increase into account 
6.8 The Life Cycle Model – Option Testing 
6.8.1 Option C – the Current Model 
HCP currently operates using the lifecycle model shown in Figure 3 (Option C). Option C is based on a 
non-intrusive survey of the AHUs at HCP1 and, as such, the resulting profile is an output of the predicted 
replacement pattern on an ‘AHU level’ (i.e. it does not suggest component replacement). The model 
indicates that £6,045,070 is to be spent across the 113 AHUs during the concession period. Some of 
the key drawbacks of this model are: 
- Level of detail: Surveying non-intrusively means that they cannot explore the granular 
information pertaining to the parts within.  
- Operational realism: The peak amount of lifecycle works occurring in one year is circa 
£2.1m. The practicality of delivering £2.1m worth of lifecycle replacement works for the 
AHUs is unrealistic (over £8,000 per day). 
- Spikes in model: Spikes in lifecycle models affect the financial profile of the project from 
a financial perspective and can have significant impacts on how much money is 
extracted from the project at any given point in time by decision-makers.  
- Management Considerations: The peak lifecycle expected in year 30-31 is flanked by 
two yearly periods with less than half the outgoings attributable to lifecycle (£721K and 
£567K). With space heating and ventilation expertise being a necessary pre-requisite 
for delivering the works operationally, this spike suggests an increase in personnel 
(leading to impacts on space within the operational FM team on site etc.) followed by 
personnel reductions after the peak tails off. Thus the model does not provide a picture 
which supports on-going business continuity. 
Option C’s profile can be seen in Figure 3 and will be compared statistically to the four options in the 
next section. 
6.8.2 Options 1, 2, 3 & 4 – the PALM Profiles 
The table below provides the key statistics on the lifecycle profiles. Option 4 provides the lowest profile 
until the end of the concession period (March 2048) and until the end of the hand-back period (March 
2053 - £3.45m/£4.47m) followed by Option 1 (£3.88m/£4.71m), Option 3 (£4.31m/£4.86m) and Option 
2 (£4.55m/£5.44m). Option C provided the highest profile at £6.05m irrespective of the concession and 
hand-back end dates. That is because of Option C’s narrow AHU-level profile. The options produced a 
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potential saving in lifecycle of just over £1.5m over the concession and hand-back periods depending 
on the decision-makers’ choice of profile looking ahead. Figure 3 shows the cumulative impact of such 
a lifecycle model and further epitomises the differentials to be gained from life-cycling on a part/whole 
asset level. All options have the same parameters to allow for comparison, this being a compound 
inflation rate of 2.5% and an overheads percentage of 20%. The hand-back requirements (the assets 
which are predicted to be replaced within the five-year post contract completion) are a stark contrast, 
with Option C indicating there will be no works carried out during this period. Options 1, 2, 3 and 4 
indicate lifecycle works of £820k, £888K, £545k and £1.02m (respectively) will be carried out. This is an 
important aspect to consider when modelling because contractually the facility should be handed back 
to the NHS trust in such a condition that no works will need to be carried out for the following 5 years. 
Where parts should be replaced, an agreement will be reached between both parties. It is likely that 
this will be a legal matter; however, assuming no works will need to be undertaken during this period 
is unrealistic.  
Peak lifecycle expenditure within a year and the mean lifecycle cost on a pounds per square metre per 
annum metric (particularly during the concession period) are perhaps the most important figures in 
determining the suitability of a lifecycle predictive model. The Rayleigh-based optimistic profile 
demonstrated the lowest mean lifecycle/m2/annum rate. This was just under £2/m2/year and was the 
only profile to suggest a sub-£2 rate. The number of parts to be replaced during this period for each 
option can be found in Appendix 19. Options 1, 2 and 3 revealed a rate of £2.24, £2.62 and 
£2.48/m2/annum, respectively. The current profile suggests a 175% higher rate that the optimistic 
profile, at nearly £3.50/m2/annum. Under the part-based lifecycle model proposed, the minimum and 
maximum peak lifecycle expenditure in any one year ranges from £254k to £297k respectively. The 
details of the breakdown of where this cost is attributable for each option can be found in Appendix 
20.  
Table 36: Key statistics across all options 
Option Scenario Test Results – Financial Output 
 Option 1 -
Recommended 
Option 2 -
Conservative 
Option 3 - 
Balanced 
Option 4 –  
Optimistic 
Option C –  
Current 
Lifecycle Expenditure 
(Date -Mar 2048) 
£       3,889,325.00 £       4,549,735.00 £       4,316,696.00 £       3,447,945.00 £6,045,470 
Lifecycle Expenditure 
(Date -Mar 2053) 
£       4,709,546.00 £       5,438,551.00 £       4,862,476.00 £       4,470,602.00 £6,045,470 
Handback 
Requirements 
£           820,221.00 £           888,816.00 £           545,780.00 £       1,022,657.00 £0 
Mean Lifecycle / 
annum (Date -Mar 
2048) 
£           117,858.33 £           137,870.76 £           130,808.97 £           104,483.18 £183,196 
Mean Lifecycle / 
annum (Date -Mar 
2053) 
£           123,935.42 £           143,119.76 £           127,959.89 £           117,647.42 £159,091 
Mean Lifecycle 
/m2/annum (Date -
Mar 2048) 
£                        2.24 £                        2.62 £                        2.48 £                        1.98 £3.47 
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Mean Lifecycle 
/m2/annum (Date -
Mar 2053) 
£                        2.35 £                        2.71 £                        2.43 £                        2.23 £3.02 
Peak Lifecycle Year 2039-40 2039-40 2046-47 2027-28 2030-31 
Peak Lifecycle year 
foreseen expenditure 
£           271,046.00 £           297,581.00 £           284,373.00 £           254,261.00 £2,099,212 
 
Figure 71 to 74 illustrate stacked component graphs for each of the options. The profiles illustrate the 
costs associated with each part over time and, coupled with the top-level profile shown in Figure 69 
and the crosstabs shown in Appendix 20, the decision-maker thus becomes empowered beyond what 
is offered by current practises because the model explains how each figure in year was reached. The 
sum total number of components to be replaced in options 1, 2, 3 and 4 are, 1984, 2303, 2110 and 
1857, respectively. 
The results have demonstrated that all four optional profiles produced a lower lifecycle cost across the 
whole of the concession period. The options produced a potential saving in lifecycle of just over £1.5m 
over the concession and hand-back periods depending on the decision-maker’s choice of profile going 
looking ahead. 
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Figure 69: Alternative lifecycle funding profiles graph 
Table 37: Alternative lifecycle funding profiles 
 Year 
Option 16-17 17-18 18-19 19-20 20-21 21-22 22-23 23-24 24-25 25-26 26-27 27-28 28-29 29-30 30-31 31-32 32-33 33-34 34-35 35-36 36-37 37-38 38-39 39-40 40-41 41-42 42-43 43-44 44-45 45-46 46-47 47-48 48-49 49-50 50-51 51-52 52-53 
Option 1 - 
Recommended 
£8,805 £9,691 £33,131 £23,193 £35,954 £44,281 £42,993 £89,220 £158,407 £168,437 £60,196 £267,378 £97,056 £139,420 £38,992 £46,127 £84,636 £39,991 £57,488 £103,859 £55,111 £139,905 £250,005 £286,277 £229,905 £110,015 £237,871 £284,974 £184,384 £229,104 £205,647 £224,331 £124,076 £106,227 £138,535 £133,576 £214,264 
Option 2 – 
 Conservative 
£8,805 £12,334 £30,487 £19,664 £35,954 £44,281 £40,340 £83,911 £160,179 £171,983 £60,196 £261,160 £111,318 £172,791 £76,060 £68,108 £103,318 £159,687 £197,047 £153,118 £116,085 £266,414 £206,363 £314,304 £157,634 £286,321 £177,951 £311,421 £198,431 £299,292 £181,892 £159,353 £150,039 £278,140 £235,084 £317,875 £181,953 
Option 3 –  
Balanced 
£11,446 £7,048 £34,013 £23,193 £38,602 £41,630 £43,877 £88,335 £161,064 £171,096 £61,083 £286,550 £116,120 £177,723 £38,279 £26,454 £101,321 £77,670 £98,475 £100,060 £180,214 £241,226 £268,680 £241,179 £124,596 £247,891 £280,408 £127,206 £207,503 £234,747 £309,674 £252,266 £136,327 £156,055 £126,588 £218,761 £121,530 
Option 4 - 
Optimistic 
£5,283 £10,572 £34,013 £23,193 £35,071 £41,630 £43,877 £88,335 £158,407 £173,756 £58,421 £262,937 £100,613 £139,420 £40,542 £45,852 £77,284 £52,443 £92,366 £68,150 £149,000 £90,656 £162,748 £128,796 £127,543 £88,003 £160,949 £253,004 £199,999 £178,849 £213,108 £211,979 £124,851 £282,632 £201,548 £266,518 £110,615 
£0
£100,000
£200,000
£300,000
£400,000
£500,000
£600,000
£700,000
£800,000
£900,000
£1,000,000
Option 1 - Recommended Option 2 - Conservative Option 3 - Balanced Option 4 - Optimistic
Chapter 6. 
Results 
161 
 
 
 
Figure 70: Cumulative profiles (Options 1,2,3,4 & C) 
Table 38: Cumulative profiles table 
 Year 
Option 16-17 17-18 18-19 19-20 20-21 21-22 22-23 23-24 24-25 25-26 26-27 27-28 28-29 29-30 30-31 31-32 32-33 33-34 34-35 35-36 36-37 37-38 38-39 39-40 40-41 41-42 42-43 43-44 44-45 45-46 46-47 47-48 48-49 49-50 50-51 51-52 52-53 
Option 1 - 
Recommended 
£8,805 £18,496 £51,627 £74,820 £110,775 £155,055 £198,048 £287,268 £445,675 £614,112 £674,308 £941,686 £1,038,743 £1,178,162 £1,217,154 £1,263,281 £1,347,917 £1,387,908 £1,445,396 £1,549,255 £1,604,366 £1,744,271 £1,994,276 £2,280,553 £2,510,458 £2,620,473 £2,858,344 £3,143,318 £3,327,702 £3,556,806 £3,762,453 £3,986,784 £4,110,860 £4,217,087 £4,355,622 £4,489,198 £4,703,462 
Option 2 – 
 Conservative 
£8,805 £21,139 £51,626 £71,290 £107,244 £151,525 £191,865 £275,776 £435,955 £607,937 £668,133 £929,293 £1,040,612 £1,213,402 £1,289,462 £1,357,571 £1,460,889 £1,620,576 £1,817,624 £1,970,742 £2,086,827 £2,353,240 £2,559,603 £2,873,907 £3,031,541 £3,317,861 £3,495,813 £3,807,234 £4,005,665 £4,304,957 £4,486,849 £4,646,203 £4,796,242 £5,074,382 £5,309,466 £5,627,341 £5,809,294 
Option 3 –  
Balanced 
£11,446 £18,494 £52,507 £75,700 £114,303 £155,933 £199,810 £288,145 £449,210 £620,306 £681,389 £967,939 £1,084,059 £1,261,782 £1,300,060 £1,326,514 £1,427,835 £1,505,506 £1,603,981 £1,704,041 £1,884,255 £2,125,481 £2,394,161 £2,635,340 £2,759,935 £3,007,827 £3,288,234 £3,415,440 £3,622,943 £3,857,690 £4,167,364 £4,419,630 £4,555,957 £4,712,012 £4,838,600 £5,057,361 £5,178,891 
Option 4 - 
Optimistic 
£5,283 £15,855 £49,868 £73,061 £108,132 £149,763 £193,640 £281,975 £440,382 £614,138 £672,559 £935,496 £1,036,109 £1,175,529 £1,216,071 £1,261,923 £1,339,207 £1,391,649 £1,484,015 £1,552,165 £1,701,165 £1,791,821 £1,954,569 £2,083,365 £2,210,908 £2,298,910 £2,459,860 £2,712,863 £2,912,862 £3,091,710 £3,304,819 £3,516,798 £3,641,648 £3,924,280 £4,125,828 £4,392,346 £4,502,961 
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Figure 71: Option 1 -Recommended lifecycle profile stacked component graph 
 
Figure 72: Option 2 -Conservative lifecycle profile stacked component graph 
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Figure 73: Option 3 -Balanced lifecycle profile stacked component graph 
 
Figure 74: Option 4 -Optimistic lifecycle profile stacked component graph
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6.9 Summary 
This chapter began by presenting the results of the financial and engineering-based risk profiling of the 
air-handling units at HCP1. During the engineering-risk survey, it was found that the AHUs fell into a risk 
range of between 11% (AHU 30E) and 82% (AHUs 02S, 06S and 23AS). In terms of contractual risk, those 
AHUs serving critical areas such as operating theatres or cardiac wards were high on the paymech risk 
with tens of thousands of pounds of fines attributable for a failure ofone period (8 hours). 
This chapter also presented the results of the distribution modelling using CIBSE and HCP data as inputs 
to create four optional profiles for part-based lifecycle modelling. 
- Option 1: HCP distribution – these distributions were seen as the recommended 
option. The distributions were formed through understanding the distribution of the 
data samples collected from the HCP hospitals before fitting an appropriate simulated 
distribution to make up the number of parts yet to fail. The hybrid distributions utilised 
the normal distribution and Weibull distribution. Overall, more than 150 data samples 
were collected across the various AHU components. 
- Option 2: Weibull distribution – these distributions were seen as the conservative 
option and most risk averse of the three CIBSE-based optional distributions because of 
the Weibull’s natural shape and strong negative skewness, indicating a heavy front 
loading of failures for each part. 
- Option 3: Triangular distribution – these distributions were seen as a balanced 
alternative option because of the Triangular distributions natural asymmetry. Also, the 
inputs to the distribution were simpler to deduce (those being the minimum, maximum 
and mean values). 
- Option 4: Rayleigh distribution – these distributions were seen as the optimistic option 
because, while being front loaded and displaying a high kurtosis, the alpha value was 
the only input to the model, leaving very little room to optimise the shape of the curve. 
This option is seen as the most similar to the CIBSE figures because the mean lifetime 
of the parts recommended by CIBSE form the only input to the distribution. This is the 
only option for which this occurs. 
The lifecycle model compared the four optional distributions with the current modelling approach 
adopted by HCP. The survey-led approach was found to be lacking in clarity because of its dearth of 
granularity in that it did not disclose part replacements. 
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- Results showed a lifecycle expenditure of between £3.45m and £4.54m (options 1-4) 
compared to the current £6.045m (option C). 
- A reduction in lifecycle/m2/annum of over £1. 
- A peak lifecycle expenditure in any given year almost 90% smaller than option C 
suggests. 
The AHU-level model proposed a schedule of up to over £2m of lifecycle works within one year, over 
5 times more than the average maximum across the four optional profiles. The issue of clarity 
regarding proposals as to what is to be replaced was discussed and optional models 1-4 provided a far 
smoother, more robust lifecycle-budgeting plan due to the fact that each part replacement for each 
AHU was quantified. 
Other points of note are: 
- Almost all of the data collected from HCP sites suggests a normal distribution based on 
the Anderson-Darling statistics.  
- Zero silencers were recorded to have failed across the hospitals. 
- The heating coil showed the largest variance in part cost – ranging from circa £2,000 
to over £10,000. 
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Chapter 7. PALM’s Impact on Decision-Making 
Following the completion of the Lifecycle Costing and geometrical model, a two-part qualitative 
feedback process was undertaken. This chapter presents an overview of the method used and analysis 
of the qualitative data was assembled. key industry professionals’ perceptions of the model and its 
impact on and implications for business is described.  
7.1 Introduction: Two-Stage Qualitative Feedback 
The two-stage qualitative feedback process consisted of the HCP Management Board meeting (stage 
1) and qualitative interviews (stage 2). 
7.1.1 Stage 1: HCP Management Board Meeting 
On Tuesday 8 December 2015, the research was presented to the same HCP Management Board which 
sanctioned the data-collection exercise. The outputs presented to the Board comprised those items 
shown in the PALM outputs box in the PALM-architecture diagram (see Figure 36). The Management 
Board consisted of the following: 
- Chief Executive Officer (CEO), HCP 
- Chief Financial Officer (CFO), HCP 
- Managing Director (MD), HCP 
- Business Development Director (BDD), HCP 
- Regional Director South (RDS), HCP 
- Regional Director Midlands (RDM), HCP 
- Regional Director North (RDN), HCP 
The presentation lasted 60 minutes and was agenda Item 2 in the December Management Board 
meeting.  The model was then presented, along with a promotional video for PALM (see Appendix 21), 
before a recorded discussion on their feelings towards the visual representation of PALM took place. 
All the board members fulfil the criteria of decision-maker and therefore fit the desired interview target 
population. 
7.1.2 Stage 2: Qualitative Interviews 
Using comments made during Stage 1 as a cue for questions, a series of interviews was set up with the 
CEO, BDD and RDS. Perhaps the most important interview in this instance was not the one with the CEO 
but with the RDS, as HCP1 is a project under his authority. These groups are considered Key Informants 
according to Daskalova (2008) and Raslan (2010) who, by definition, have valuable information which 
provides insight on the function which is being interrogated as a result of their knowledge, experience 
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and specialist skills. Specialist skills (in this instance) being the ability to provide expertise in judging the 
usefulness and value of the PALM visualisation to HCP as a business.  
7.1.3 Study Preparation and Interview Design 
In preparation for the interviews, two day-courses in social research were undertaken at the University 
of Surrey on 27 January 2014 and 4 February 2014; these courses covered Qualitative interviewing (by 
Dr Nicola Green and Dr Sue Venn) and ‘Thematic analysis of Qualitative Data (by Dr Carrie Dunn and Dr 
Sophie Sarre). The interviews were based on a standardised open-ended approach (Tashakkori & 
Teddlie, 2003). 
 
Figure 75: Types of research interviews (Tashakkori & Teddlie, 2003) 
Previous research has outlined a two-part framework for interviews (King, 1994); that is, an 
introductory session followed by a sanctioned question section. The interview schedule consisted of 
eight open-ended questions. Open-ended questions were used throughout the schedule because this 
allowed the participants to contribute and elaborate on their personal experiences of asset 
management and lifecycle modelling. The schedule can be found in Appendix 22. 
7.1.3.1 Sampling 
It was not anticipated that the entire Board would agree to be interviewed due to geographical or time-
related constraints. The nature and context of the research participant population meant that the 
representative group would almost certainly be representative of the population. So all three 
individuals interviewed (CEO, BDD, RDS) constituted Key Informant status and 43% of the Board 
(Daskalova, 2008).  
7.1.3.2 Ethical Position 
Because all interviewees were members of the sponsoring company, there was no risk to the public 
with regard to data protection. The nature of the research was such that no undue stress was placed 
on any participant and their identities will be safeguarded. The participants gave their permission for 
the interview to be recorded during Stage 1. 
7.1.3.3 Interview Recording and Transcription 
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The interviews were recorded using a digital voice recorder. The recordings were transferred onto 
computer for analysis and deleted from the recorder. In this research the transcription of the interviews 
was made verbatim to provide an accurate record of the thoughts of the participants. The audio files 
were transcribed by the researcher in accordance with the transcription conventions outlined by Gibbs 
(2007). The full interview transcripts are included in Appendix 23. 
7.2 Data Analysis and Results 
Tesch (1990) describes common features of approaches to analysing qualitative data in two ways: data 
similarities and analysis similarities. Data should be segmented meaningfully while retaining 
connections to the whole. The analysis of such data should be cyclical, reflective and inductive (Tesch, 
1990).  Thematic analysis was used to gauge the participants’ responses and feelings towards the PALM 
visualisation.  Thematic analysis was chosen because it was deemed to be the clearest way of comparing 
feedback on one theme between a small number of participants. Based on the targeted research 
objectives and responses from the participants, the following ‘themes’ were identified from the 
interviews: 
- Improving lifecycle confidence and understanding 
- Improving decision-making 
- Informing other areas of asset management 
- An attractive business proposition looking ahead 
The key findings are presented below (verbatim) and have been incorporated into a single narrative 
based on an organisational approach suggested by King (1998). 
Table 39: Thematic chart 
 Interviewee   
Theme I01 
Regional Director South 
I02 
Business Dev. Director 
I03 
Chief Executive Officer 
Increasing 
lifecycle 
confidence 
and 
understanding 
For someone from a non-
technical background like me I 
can walk into a plant room 
and see a big box that’s an air-
handling unit. What goes on 
behind that is an absolute 
dark art to me. All the 
component bits… I can see 
that yes, there’s component 
parts here that do make up 
the sum. In reality I can picture 
that now as well, that actually 
that motor’s 5 years, those 
fans are 12 years and what-
have-you. 
I’m not a technical person, but 
having an understanding of what 
an air-handling unit actually looks 
like and what these 
subcomponents actually look like, 
the context in which they placed, 
some of the issues which may be 
given rise to their replacement I 
think is informative and very 
useful. And perhaps also just 
understanding the quantities 
involved, not from a financial 
perspective but from a simple 
quantity perspective. 
I think you gave me the knowledge 
of how extensive that system really 
is which I think enhances the 
…what does surprise me is that 
CIBSE provides guidance to such a 
level of detail. Well I think it better 
informs it because you’re starting 
to get out a theory and you’re 
starting to go down into the detail 
and it’s backed up by actual 
information.  
 
I do think that it would help with 
regards to the funders so the 
actual banks rather than the TAs. 
But again from a TAs perspective 
maybe it’s a tool he can use in 
convincing and talking with his 
bosses who are the funders so I 
think as I say, I see it as not an end 
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investors and decision-makers’ 
appreciation of some of the 
complexities in decision-making. 
It’s not just one unit or a series, it’s 
actually a whole system you need 
to consider. 
in itself but as an aid in the whole 
process about giving confidence. 
Improving 
decision-
making 
I can start to see how decision-
making can be made on fact 
rather than gut feel. I think the 
world we are moving into is 
much more based around 
evidence, and giving boards 
comfort that the evidence is 
there to take money out and 
the more we can add to that 
evidence base the better. 
I think as an investor or decision-
maker I would probably expect to 
have the summary of the analytics 
presented to me first so that the 
assumptions and wider 
parameters of the capex 
investment are made explicit 
before. I think then the 
visualisation enhances where 
exactly there is impact within the 
wider system and it may also 
enhance your understanding of 
what the subcomponents are 
saying according to the investment 
choice. 
…the consequence of what we’re 
looking at here (picks up 
cumulative lifecycle chart – figure 
104) is that A, we are removing 
the big area of expenditure 
currently in the model, so from a 
cash flow point of view it looks 
much better and secondly then 
the actually from a cumulative 
point of view you’ve got more 
than a marginal saving you’ve got 
a £1m saving there. So what 15-
20% saving by doing it that way 
Informing 
other areas of 
asset 
management 
the model itself brings 
currently what’s done in 
disparate parts together to 
one point and what I mean by 
that is that if you look at lots 
of different elements that 
need to be replaced over time 
there must be a point where if 
you keep replacing the 
component parts you begin to 
ask whether you should carry 
on patching this up or should 
you just go out and buy a new 
one. I think the model you’re 
starting to bring together 
shows a lot of that 
information in a cohesive way 
rather than what we’ve got at 
the moment which is very 
experienced people out there 
that know intuitively but if you 
ask them to evidence it, it 
would be quite difficult.  
If you go out and ask an operator 
on the floor at barts looking after 
AHUs could they articulate a 
current need at this time? I suspect 
not. Could you present them with 
something and then they would 
understand their need? Probably 
yes… this should form part of an 
operational BIM visualisation 
model, I think that would be 
powerful. I haven’t seen any such 
models but I think it would be quite 
interesting to develop that 
capability and integration 
between the two because then it 
makes everything very real. What 
do I need to do? Here’s my plan for 
today. How do I replace that 
component? 
So say we’ve assumed said failure 
of said points, in future you can 
assess whether this was correct 
and if not what the other bits and 
pieces which actually fail sooner 
are. So from a critical spares point 
of view, we’ll know what parts we 
need to hold. 
Technological 
advancement 
and business 
proposition 
going forwards 
I think there is something 
clearly there about if no-one 
else is doing this there’s got to 
be a USP to get out there. If we 
could find a way to sell that as 
a product and demonstrate 
that there is more evidence 
and assurance around some 
of this stuff, not just in 
stripping out lifecycle, but 
those organisations that are 
non-PFI and don’t actually 
have a lifecycle pot but more a 
lifecycle budget. I think it’s 
positive for HCP on a number 
of levels. 1, it retains MSAs. 2, 
it increased our position in the 
market 
I think the visualisation brings 
home some of the technical 
complexities. My concern is the 
amount of time it takes to 
generate the visuals. But there’s 
no doubt that if you can develop a 
visual model of an entire building 
or subset of the 10 most critical 
assets… I think that would be a 
powerful message because you 
can’t visualise something unless 
you have a very intricate and 
robust data set and that speaks 
volumes to people who might 
contemplate taking on the services 
of HCP. 
I mean I think from a selling point 
of view I think it’s ideal. It’s great.  
 
In time it could be the sort of 
vehicle that…the core in which 
you could potentially start adding 
things on around it, whereas at 
the moment it’s part of it, in time 
it’s actually the core of it and 
you’re adding stuff so it actually is 
the main driving engine 
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7.2.1 PALM’s Ability to Improve Confidence and Understanding in Lifecycle Planning 
Visual modelling was reported to improve lifecycle confidence and understanding, according to the 
participants. While I01 and I02 stated they lacked technical know-how, it was stated that the model 
helped them understand how extensive the system was (I02) as well as illustrating how the concept of 
modelling on a more granular level is carried out. I03 specifically mentioned the increasing confidence 
levels of those stakeholders not directly linked with HCP.  The key points to come out of this area are: 
- The model can improve the understanding – particularly from a non-technical point of 
view. 
- Understanding is not confined to the HCP Board but applies to external stakeholders 
as well. 
7.2.2 PALM’s Ability to Improve Decision-Making 
The overall impression gained from the interviews was that the model did improve decision-making. 
Although, it is important to view the tool as a part of the whole process, not the entire focal point, with 
I02 suggesting a marriage between the model and analytical summary of the figures, in tandem. I03 
noted that the cash-flow position looked stronger according to the model and the analytical summary 
of the figures too. He accepted that the model yielded a large saving and described the financial position 
as ‘looking much better’. I01 saw the tool as being part of a larger evidence base and a step away from 
‘gut feel’ surveying methods.  The key points to come out of this area are: 
- Decision-making can be improved but it is important not to overstate the reliance on 
hard data. 
- Board members feel more confident in the lifecycle prediction when they can 
physically see and pair together the replacement schedule figures and model. 
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Figure 76: Example PALM model report output 
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Figure 77: AHU Risk level visualisation (Stream 1) 
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Figure 78: AHU Component level view (Stream 2 -AHU system component replacement viewer -linked to lifecycle model) 
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Figure 79: AHU Component level view (Stream 3 -AHU gradient system component replacement viewer -linked to lifecycle model)
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7.2.3 PALM’s Ability to Inform Other Areas of Asset Management 
The experience of the Board members yielded some unexpected results and this meant the utility of 
the tool could be cross-examined in terms of its application to other areas of asset management. I01 
viewed the tool as something convergent, merging various stages and disciplines into the one tool. I03 
was more divergent in his thought processes and considered the implications of such a model on the 
basis of functional obsolescence and critical spares holdings. These are areas outside the scope of the 
thesis but which the model does inadvertently cover through categorising risk. I02 viewed the tool as 
being useful on an operational level and saw the benefits that such a model could deliver to those 
whose job it was to physically replace the assets on site. The key points to come out of this area are: 
- Senior decision-makers are becoming more aware of the operational implications of a 
lifecycle model through seeing part replacement strategies presented visually. 
- The model can be adapted in future for a different but equally critical asset-
management business area such as functional obsolescence. 
7.2.4 PALM’s Ability to Provide Technological Advancement and a Business Proposition  
There was open acceptance of the tool’s ability to bolster business revenues in the future. I01 discussed 
the possibility of looking beyond the PFI sector, at non-PFI areas of interest which have not currently 
been unexplored by HCP. Since its inception, it has solely been centred on PFI projects. Demonstrating 
the research was viewed as having enhanced the image of HCP’s technical capability, and there is an 
appreciation that in time it could be the hub of the life cycle modelling method. It was described as 
having the potential to be the main ‘driving engine’ (I03) for the business. The key points to come out 
of this area are: 
- The demonstration of such a tool has rarely been seen and as such, will provide HCP 
with a competitive edge in the PFI marketplace. 
- The future of lifecycle modelling could rely on such approaches from here onwards. 
- The model can be integrated into HCP’s business proposals for new and existing clients 
in PFI and beyond. 
Figure 76 illustrates an example report of output based on PALM. 
7.3 Summary 
In the context of the study, a two-stage qualitative data-gathering exercise was undertaken. The first 
stage involved presenting the model and findings to the HCP Management Board. The second stage 
involved inviting the Board to be interviewed in order to assess their views on PALM and approach. 
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The interviews and questions were based on the feedback gained from the Board meeting and, as part 
of the approach, all the questions were open-ended. A thematic analysis of the results was presented 
and the key themes identified were: 
- Improving lifecycle confidence and understanding 
- Improving decision-making 
- Informing other areas of asset management 
- An attractive business proposition looking ahead 
The main findings of the interviews were: 
- The model can improve the understanding – particularly from a non-technical point of 
view. 
- Understanding is not confined to the HCP Board but applies to external stakeholders 
as well. 
- Decision-making can be improved, but it is important not to overstate the reliance on 
hard data. 
- Board members feel more confident in the lifecycle prediction when they can 
physically see and pair together the replacement schedule figures and model. 
- Senior decision-makers are becoming more aware of the operational implications of a 
lifecycle model through seeing part replacement strategies presented visually. 
- The model can be adapted in future for a different but equally critical asset-
management business area, such as functional obsolescence. 
- The tool has rarely been demonstrated before and as such, will give HCP a competitive 
advantage over its rivals in the PFI marketplace. 
- The future of lifecycle modelling could rely on such modelling approaches looking 
ahead. 
- The model could become an integral part of HCP’s business proposals for new and 
existing clients in PFI and beyond. 
Some of the issues with the visual modelling approach are: 
- Age-based limitations and a reluctance to change. 
- Time spent in modelling the assets to make it a viable tool for using on a day-to-day 
basis. 
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Chapter 8. Discussion  
Life cycle modelling of complex assets in the PFI healthcare sector is currently based on a non-intrusive 
type survey. By nature, these surveys fail to adequately assess and quantify risk because the forecasts 
for replacing such assets are done on an asset level. Such an approach ignores the fact that each asset 
(in the case of air-handling units) has a number of components, each with differing life expectancies. 
The field of asset management is still evolving, with norms such as PAS 55 setting higher standards than 
ever, and coupled with new methods of aggregating assets through nomenclatures such as NRM3, the 
discipline is showing marked steps of improvement. The idea of modelling for future expenditure is 
something which is currently being undertaken, and this is particularly relevant in the field of PFI where 
contracts between the public and private sectors define long-term windows of responsibility. Chapter 
1 describes the PFI contractual structure and it was explained that life cycle provides the largest grey 
area in terms of future business forecasting because of the lack of data which can be utilised for 
predicting failure. However, this also makes asset management and lifecycle modelling the most 
favourable area of research in PFI because of the financial rewards it offers those who can predict their 
future expenditure with greater accuracy. In the PFI field, accreditation to standards such as ISO 55000 
is rare and, while producing this research, HCP has been awarded ISO 55000 accreditation, a sign that 
management service providers are continually striving to improve the quality of service to clients. 
However, data beyond the condition survey  is scarce. Market tools such as VFA, Manhattan Atrium and 
others claim to provide the solution to empowering decision-makers, but there is still little evidence to 
prove that a business model can be built around such tools. @Risk is a piece of commercial software 
which still places trust in the ingenuity of the user to produce meaningful output 
With regard to visualisation, there is little to no research which looks beyond BIM as the tool for better 
informing decision-makers on budgeting for assets. Models discussed in Chapter 4 have already shown 
the complexity of bridging the data gap between BIM in the construction phase and facilities 
management. Perhaps the answer lies beyond the IFC schema for the PFI asset-management 
profession. Generative design modelling displayed by tools such as Rhino5 sidesteps the barriers to the 
extraction of IFC information because not all of the data contained in industry foundation classes are 
necessary beyond construction. Coupled with the reality that decisions on life cycle are made in a 
matter of minutes, questions should be asked as to the suitability of some data-exchange schemas 
currently on offer. Narrow BIM appears to offer a healthy depth of information for strategic digestion 
and Rhino5 facilitates the interoperability of BIM during the operation lifecycle stage. 
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8.1 A Comparison with Other Lifecycle and Visual Models 
The research project has presented an original approach to life cycle costing and the visualisation of life 
cycle replacement strategic plans. The current approach adopted in the industry places the onus for 
competent lifecycle modelling with the surveying teams. The proposed model draws on areas of 
research presented in the literature through works such as Lair and Chevalier’s (2002) belief, probable 
and plausible distribution curves (Options 2,3 and 4) and combines the distribution modelling with risk 
tools from Hurst (2005) and ISO standards to give aggregation to assets currently viewed as being 
almost identical in terms of lifecycle. While aspects of Hurst’s model were used in the study, one 
potential improvement on this method may be to pair the proforma approach with an hourly-based, 
rather than annual-based, quantitative method. This would increase the accuracy of the predictive 
model and take into account the fact that while lifecycle models produce year-on-year costs, on an 
operational level this equipment is actually run on a daily basis. Ujjawls (2012) normal distributed 
damage-mechanism approach assesses the annual probability of failure over time and truncates these 
values. The truncation approach is based on previous work (Balasooriya, 1995; Wu et al., 2013) and a 
similar approach to distribution based on CIBSE guidance and real data (rather than corrosion rates) 
was adopted (Ujjwal, 2012). The visualisation draws on previous research and its subsequent drawbacks 
in capturing facility geometry. The difficulties are highlighted in research by Murphy, McGovern and 
Pavia (2009). Using existing geometry, Shen, Hao and Xue (2012), and Motamendi (2014) describe some 
of the drawbacks of IFC-schema import and current BIM modelling tools as well. Wu and Shih (2014) 
describe some of the key advantages and advocate the use of Rhino5 and Grasshopper as a set of tools 
for supporting the visualisation of geometry to provide information. In their model, the conveyance of 
heat-gains, structural form and cost was described.  
Life cycle modelling on an asset level leads to work deferrals because there is no understanding of asset 
management on a specific part level. Woodhouse noted that the business impact of deferring 
expenditure or different projects is rarely quantified, yet is essential to systematically demonstrate and 
manage the different priorities for competing investment options (Woodhouse, 2012). The PALM 
alternative adopts similar emergent views on lifecycle modelling as those described in Bowden and 
Zhu’s multi-variance analysis (2010). That is, that models boasting flexibility through the use of user-
defined preferences (such as the conservative balanced, recommended and optimistic risk-appetite 
levels) are superior.  
The PALM framework is an amalgamation of previously unlinked aspects of lifecycle modelling. CIBSE 
(2008) defined the four main elements of operational risk and PALM does delivers improved decision-
making capabilities, while retaining and making the information associated with these four main 
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elements more transparent. Risk alignment, discussed by Conachy (2008), looks at how the reallocation 
of resources outperforms current blanket methods and the research actually follows this trajectory. 
Woodhouse’s (2012) uncertainty parameters (variable deterioration rates, quality of measurement and 
variable usage) have been considered throughout modelling asset-specific runtimes and the more 
detailed levels of surveying. 
8.2 Specific Contribution to Knowledge 
The research demonstrates the development and testing of an original framework for the life cycle 
costing of air-handling units within an NHS healthcare facility. The life cycle model presented means 
that decision-makers will actually be able to assess the likely long-term costs of asset part-replacement, 
based on physical condition, contractual risk and probabilistic modelling of failure rates. PALM has 
made the following advances which supersede those of the previous models within the PFI Asset 
Management field: 
- The model presented is a first attempt at creating a research project which yields 
improved knowledge on future replacements of previously un-surveyed parts, using 
real data collected across PFI healthcare projects. The lack of validation is conceded as 
the model which would take a considerable amount of time to truly validate. However, 
with this being said, the validity of the results as a result of testing remains unaffected. 
- An innovative framework with a bespoke understanding of the case-study healthcare 
facility. The framework utilises the surveying skill-sets currently used by MSPs such as 
HCP but focuses on assessing the asset risk rather than life prediction. The weighted 
model is coupled with a unique understanding of the financial consequences to the 
business should the asset fail to perform operationally in the facility. The model can be 
applied to all high-value complex assets with parts which are not currently surveyable 
under the current lifecycle-modelling process. 
- The study makes an important contribution to knowledge through the statistical 
procedures employed, from which an appropriate outcome can be obtained. This is a 
key contribution and was discussed during the literature review. The current practises 
used for asset-replacement forecasting are under much scrutiny. This study utilises 
existing data currently lying dormant in isolated silos across the UK and merges the 
data to create failure distributions based on real replacements to probabilistically 
model the future lifecycle costs of AHUs.  
- The use of Rhino5 and Grasshopper as a means to represent lifecycle-replacement 
models is currently an unused tool in the industry. Primarily used in the field of 
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interactive architecture, the tool was first used during the research masters (MRes) in 
conjunction with artificial intelligence algorithms to control lux levels in internal spaces 
(see Appendix 24 – paper). 
- The lifecycle model is dynamic, and the various Options (1-4), indices, part costs, etc, 
can be updated parametrically to take new data or risk-appetite levels into account. 
The geometrical model will automatically update the results of any changes to the 
lifecycle model in real-time. 
The model overcomes the current industry-wide disadvantages of existing models because it 
probabilistically deals with inputs and outputs (while retaining the surveying function so as not to 
compete with the current resource requirements of a survey), and puts all stakeholders in a position to 
do their jobs with greater efficiency and understanding than through using the outputs of previous 
models. 
8.3 Limitations of the Research 
The model is an improvement on current life cycle modelling approaches and informational output 
streams seen in the PFI industry to date, but is still far from perfect. The key limitations of the research 
are presented below. They consist of a combination of technical and philosophical shortcomings which 
arose from the research process as well as from the time spent in facilities and offices and from 
understanding the context to which the work applies. 
8.3.1 The Link between Strategy and Operations 
An increased level of understanding between the survey team members means a greater level of 
cooperation and awareness of how one team member affects the other. By surveying the equipment 
together, as a team, both surveyors were able to debate and put forward their reasons for categorising 
an asset’s risk level, from a top-down (HCP) and bottom-up (Skanska) method. 
8.3.2 Equipment Start-Dates 
The model proposed that the commissioning date of each AHU be used. Quite often, this data was 
identical to that of the other AHUs within a phase, suggesting that all AHUs had been installed and 
commissioned on the same day. Rather than phase-level start dates, individual start dates would make 
the model more accurate in terms of future prediction. The likelihood of this data having been collected 
is not high. However, it could be a data point for storing in BIM models in future projects. 
8.3.3 Asset Runtimes 
The evaluation of service life takes the period during which the asset is intended to be used for its 
function or business purpose into account. Frequently, this period will dictate the period of analysis of 
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the WLCs and may dictate the design life for major assets and components (CIBSE, 2008). The runtime 
of each AHU was the key damage mechanism which indicated a common thread between the assets. 
The runtime of each asset was deemed to be 22.9 hours per day, based on BMS data collected from 
HCP1. The reality is that many hospitals do not have this AHU-runtime data readily available because 
there is either no BMS or the BMS installed is so old that visualising or outputting the runtime settings 
for assets is not achievable. The research does however concede that not all the assets are run for 22.9 
hours per day; collecting the runtime data for the AHUs which required replacement parts in the first 
place would actually be an improvement to the model. 
8.3.4 Comparability of Part Failure Data 
The research scope focused on healthcare facilities for the data collection process rather than any other 
type of facility because it was deemed that healthcare assets would experience a higher ratio of use 
and incur a higher level of contractual penalties for failure. However, the sheer size and value of HCP1 
in comparison to the other healthcare facilities in the HCP portfolio may mean that the data collected 
may not be directly comparable to its counterparts because the demand on the equipment (as a result 
of the hospital treating more patients and experiencing different levels of use) may differ. 
8.3.5 Distributions Based on Part Sizing 
The range of motor sizes across the HCP portfolio ranges from 0.55kw to 30kw. In future, a distribution 
for a motor could be based on its part characteristics rather than simply the part itself. This could also 
be said for differing sizes in coils, fans, humidifiers, and etcetera.  
8.3.6 Motor Runtimes 
According to the data collected for the 48 motor failures, the runtimes were assumed to be 50/50. The 
actual runtimes of the motors are not however known because some will be based on an n system and 
some on an n+1 system. N+1 systems tend to indicate a more critical part (hence the natural halving of 
the motor runtimes in the model); however, the truth remains that a motor which is part of an n+1 
system should be run for the same amount of time as its counterpart but this all depends on the level 
of professionalism of the HFM maintenance team. Research conducted in this area has shown that the 
runtimes for such parts are not even and this complicates the future replacement prediction 
methodology still further. 
8.3.7 Overheads 
Overhead margins on the work were not included in the model because only a fragment of the invoice 
data contained any overhead information. 
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Figure 80: Overheads graph 
Table 40: Overheads statistics 
 
Cooling 
Coil 
Frost 
Coil 
Heating 
Coil 
Run 
Around 
Coil 
Control 
Panel 
Fan 
Flatbank 
Filter 
Other 
Filter 
Polyseal 
Filter 
Humidifi
er 
Invertor Motor 
Shut-off 
Damper 
Silencer 
Min n/a n/a £1381 n/a £238 n/a n/a £75 n/a n/a £259 £353 n/a n/a 
Q1 n/a n/a £1381 n/a £238 n/a n/a £75 n/a n/a £327 £412 n/a n/a 
Median n/a n/a £1381 n/a £238 n/a n/a £75 n/a n/a £500 £461 n/a n/a 
Q3 n/a n/a £1381 n/a £238 n/a n/a £75 n/a n/a £500 £494 n/a n/a 
Max n/a n/a £1381 n/a £238 n/a n/a £75 n/a n/a £902 £509 n/a n/a 
 
The overheads attributable to part replacement were seldom disclosed in a manner useful for analysis. 
This is due to the different ways in which costing and charging for parts currently happens on site. While 
some data was collected for the expected overheads and labour (attributable to motor and inverter 
replacements), a notional 20% has been factored into the model, mirroring HCP’s current allowance for 
overhead and labour costs. That means that a fairer comparison between Options C and 1, 2, 3 and 4 
can be made. 
8.3.8 The Removal of Hospitals from the Data Collection Exercise 
Certain contracts have no control over the lifecycle fund. The risk is with the HFM team and, as such, 
no invoices are issued to the SPV and the data becomes commercially sensitive to HCP from an HFM 
standpoint. The reason for this commercial sensitivity is because relaying this data would allow HCP 
and the SPV to be able to calculate the profit margin of the HFM subcontractor more accurately. Where 
this actually occurred, the data was unable to be collected. 
8.3.9 Distribution Fitting and Thresholds 
Anderson-Darling testing and probability plotting provided a unique view on unique part data. A 
decision was taken that those part replacements with an r2 value of >0.85 and AD value of >0.005 
accepted the null hypothesis that the data formed the beginning of a normal distribution. Much like 
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establishing the shape parameter of the Weibull distribution, there is no hard and fast method of 
delineating between what can be deemed a ‘good fit’ and what cannot. This is particularly true with a 
limited data set. The r2 value of 0.91 appears to be a good fit in the case of the humidifier profile, 
however this distribution may have been better modelled using a Weibull function rather than a normal 
distribution. 
8.3.10 Distinguishing between Internally and Externally-Mounted AHUs 
The risk survey exposed the fact that there are significant environmental differences between an 
internally and externally mounted AHU. There is an argument which suggests the AHU-failure data 
should be further delineated into ‘externally-mounted parts’ and ‘internally-mounted parts’ because of 
the differences in such exposure levels. This is further supported by CIBSE’s generic lifetime guidance 
(on an AHU level) of 25 years for an internally-mounted AHU and only 20 years for an externally-
mounted counterpart. 
8.3.11 Risk Modelling on a Part Level 
Some components may be more critical than others in terms of the overall risk to the business (CIBSE, 
2008). The risk survey was carried out on an AHU level. The reason for this was primarily to differentiate 
between the assets, but it was also due to the constant use of the AHUs, and their criticality as a system 
meant that internal inspection was not possible. However, there is an argument to suggest that some 
parts such as silencers may not cause the complete failure of an asset (rather just an increase in noise 
pollution) and therefore there should be some additional weighting on part levels to account for the 
different impacts caused by part failure. Similar works have suggested systematic component 
evaluations prior to deciding on whether to extend a unit’s service life or not (Presnak and Yee, 2014). 
8.3.12 Data Quality 
The BSI presented a method on the process of selecting RSL data and this was adhered to when 
selecting the best data to input into the model. However, the historical data which is available is not 
likely to be available in a good format across all facilities, often containing unnecessary information or 
being hard copy only. The stark reality involved physically travelling across the country collecting hard-
copy invoice data. In future, if some form of cloud-linked repository could be set up it would make the 
process of compiling a comprehensive failure database much simpler. 
8.4 Future Developments 
Research undertaken during the course of this thesis has highlighted the limitations of the method 
above. There still remains considerable scope for further development in the field of risk-based lifecycle 
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modelling and geometrical visualisation in the PFI asset-management industry. Some of the key areas 
of further development are discussed below. 
8.4.1 Responsibility Matrix and Maintenance Cap 
One of the assumptions within the model was that if no failure had been recorded, the given part was 
not deemed to be included within the scope of the SPV’s financial planning responsibility. An area of 
improvement for research in the future could be investigating the contractual liabilities versus the 
reality of what actually happens within operational lifecycle works on site. Does more or less lifecycle 
work actually occur outside the SPV’s area of responsibility? This is pertinent with regard to lower cost 
items such as flat-bank filters (none of which were recorded as failing during data collection). These 
parts and other similar ones could be replaced on a one-by-one basis, falling directly under 
maintenance, or could be batch ordered, bringing the cost into the thousands (above the maintenance 
cap and into the SPV lifecycle budget). This aspect of lifecycle modelling is further complicated by 
differing contracts for differing SPVs, many of which contain no responsibility matrix at all. Bearing this 
in mind, a better approach for collecting failure data could be devised through understanding that PFI 
contracts are different and so is the way their data is collected and stored. Because the research was 
conducted from a head office complex, with site visits to the facility, the actual day-to-day running of a 
hospital was never experienced. 
8.4.2 Geometrical Data-Import Barriers  
Incomplete geometry was apparent when the BIM model was imported. For example, the casing on 
AHU25S was not complete and fans/motors had to be included on the basis of the AHU drawings from 
site. This is a data-import issue, and one which could have been avoided had the Navisworks file been 
available in something other than a ‘read only’ format. In the case of AHU35AE, additional components 
were found in the model, which, on physical inspection, should not have been there. 
8.4.3 Geometrical Level of Detail 
Level of Detail could be considered a drawback within the research. The level of detail with which BIM 
models are built is designed with construction in mind. ‘Parts of parts’ (such as bearings on motors) 
were out of the research scope because the geometrical model did not present such a level of detail 
(and neither did the AHU drawings!). Future models could include such detail on critical units such as 
the AHUs and thus the lifecycle prediction models produced would increase in accuracy. Currently there 
is no demand nor any economic model in the industry which might demonstrate the benefits of such 
an undertaking. Until models become more detailed, the operational planning and confidence in 
decision-making ability will be restricted. 
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8.4.4 Technology as a Factor in Distribution Forecasts 
A consideration should be made regarding technology as a factor in the future replacement of assets 
and parts. There is an argument to say that as a progressive race, we will get better at building things 
to last. Ergo, a part replacement in 2015 may be slightly earlier than in 2050 based on the assumption 
that new materials and technology will be available to produce more durable components. On the other 
hand, there is an argument to say that the more technology we embed in our buildings, the more room 
for error (and thus failure) we actually create. 
8.4.5 Indexation 
PALM mirrored an RPI rate of 2.5% to make Options 1, 2, 3 and 4 comparable to Option C. A more 
granular level of indexation, as opposed to a blanket indexation, may increase the accuracy of the model 
looking ahead. This issue is linked to data collection in that until the data on part prices can be viewed 
graphically over time, the indexation attributable on a part basis still remains out of reach 
8.4.6 Asset Management Level of Detail 
The question still remains as to how much data is too much data on which we can base a decision. This 
is partly due to time and the value of an exercise versus how much it saves/gains the business. But it is 
primarily down to two opposite ends of businesses being connected to the same model. Strategically, 
decisions must be made on top-level information such as how much should be budgeted in each year, 
however the physical replacements of these parts is a reality and the two business levels do not interlink 
easily. A discussion about where to ‘stop’ life cycling from an economic standpoint is needed.  
8.4.7 Artificial Intelligence as a Cost-Prediction Method 
Chapter 3 discussed the application of artificial neural networks as a method of cost prediction. While 
cost prediction was not at the forefront of the research, Figures 81 to 85 illustrate the relationships 
between various AHU characteristics for the 113 AHUs at HCP1. There are clear correlations between 
some of the geometrical proportions of the assets as well as their technical capabilities. The most 
positive correlation to be found was that between the front surface area of the AHU and the air volume. 
The r2 coefficient was found to be above 0.95, making this a particular input-variable candidate for 
artificial intelligent algorithmic design. 
The potential for improving cost prediction through artificial intelligence is significant. Clear input values 
based on AHU and component-unique features could form the basis for cost predictions in the future. 
This could be done through collecting a cost-data sample of a part along with the characteristics of the 
AHU to which it belongs. The possibility of carrying out this exercise would mean the collection of 
thousands of data points on which to train the model, before testing. The output would be the cost of 
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a part based on its parent asset’s individuality (i.e., the AHU). As HCP and other non-PFI assets begin to 
deteriorate over the course of time, this data will form an invaluable database for cost prediction of 
AHUs in new hospitals in the future. 
 
Figure 81: Relationship between air flow and AHU width 
 
 
Figure 82: Relationship between AHU volume and motor rating 
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Figure 83: Relationship between air flow and AHU volume 
 
 
Figure 84: Relationship between air flow and motor rating 
 
 
Figure 85: Relationship between air flow and front surface 
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8.4.8 Immersive Visualisation and Virtual Reality 
Throughout the research, the researcher has been part of the UCL virtual reality group, which explores 
the nuances of how to import various data structures into computer-aided virtual reality (CAVE) 
software platforms. Unity is renowned for its ability to be able to render upwards of 50,000 vertices 
with multiple meshes. The PALM geometry has a mesh count in the hundreds of thousands and a 
vertices count in the millions.  Future research could focus on how best to visualise and render the 
geometry for 3D viewing using Oculus Rift or Ogre 3D. The benefits of decision-makers theoretically 
being able to ‘walk’ around and view their assets from a board room anywhere in the world is an exciting 
prospect. A business case as to the benefits of such a progression in visual modelling is not difficult to 
make. 
8.4.9 The Risk Variable Weightings 
Chapter 5 discussed the engineering risk and paymech risk as forming an equal ratio in terms of 
lifecycle-replacement suggestion.  In future, it may be worth querying whether one aspect of risk is 
more important than another and adjust the weightings accordingly. 
8.5 Summary 
While the research has yielded some vast improvements on the way life cycle profiles are built a number 
of limitations to the research have been identified: 
- The  link between strategy and operations still remains untied 
- Equipment start dates have no agreed ‘beginning’ 
- Asset runtimes have been estimated  using a mean where data was not available 
- Part failure data comparability only becomes useful with a larger number of assets 
- Distributions based on part sizing have been ignored due to a lack of data 
- Overhead costs are largely unrecorded across PFI healthcare projects 
- Hospitals in the data mining exercise (HCP 2-18) were reduced to 6 because of various access-
to-data hurdles 
- Internal and externally mounted AHUs should be categorised with a greater distinction 
These limitations and the lack of validation do not affect the usefulness of the results, however they do 
demonstrate that life cycle costing and visual modelling remains some way from becoming a regulated 
industry. While data remains either safeguarded or uncollected, the true accuracy in predicting future 
life cycle replacement costs will remain understated. The study reviewed AHUs in a healthcare setting; 
however this is unlikely to impact results should the AHUs have been data recorded from difference 
sectors. The asset runtimes may differ from industry to industry dependant on how ‘critical’ a nature 
the facility provides. This prompts the following recommended future developments: 
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- Work on the future importability of geometry from BIM packages into parametric modelling 
packages will produce a greater visual output. 
- Improving the level of detail within BIM models will ultimately yield more accurate physical 
asset life cycle models. 
- Considering future technological advances will  improve model forecasting 
- Artificial intelligence can be used as a powerful tool in predicting failure but it dependant on 
data accessibility improvements for researchers. 
- Immersive visualisation of geometrical life cycle models could revolutionise how decision-
making is made. 
Perhaps the most important avenue of enquiry going forwards would be that of artificial intelligent cost 
prediction. Predicated on good data collection this type of complex modelling has the potential to 
revolutionise the performance of life cycle costing as a client offering. The upshots of such an 
improvement would be a greater clarity of future costs on a facility level and greater economic stability 
on a national level.
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Chapter 9. Concluding Remarks 
9.1 Revisiting the Research Aim and Objectives 
The aim of the research was to:  
‘To develop a data-driven risk-based lifecycle replacement funding model and visualisation tool to 
improve the decision-making of mechanical assets in the PFI Healthcare sector.’ 
The BSI stated that few models have been produced which simply and accurately depict replacement 
life whilst maintaining an element of practicable implementation and translatability for other works 
(2008). PALM is one which removes the impractical implementation suggestions (based on current 
models operating under the guise of ‘strategy’) and replaces them with a profile which provides 
operational realism. This chapter will conclude by bringing the research dialogue back to the first 
chapter, which set out the research questions and objectives. The research objectives set out in Chapter 
1 were: 
- To create a model building approach based on a detailed understanding of the PFI 
business model and context. 
- To develop a model to improve using the necessary factors to achieve the solution. 
- To build a model that can be translated and expanded to other projects in future. 
- To qualitatively collect and analyse feedback from stakeholders in the position of 
approving lifecycle works. 
9.2 Current Life-Cycling and the Life-Cycling Approach for Air-Handling Units 
Current data-collection approaches place the onus on the surveyor to successfully predict the life of an 
asset through a condition-led survey. The condition survey sets out to ‘classify’ the condition of an asset 
through grading levels (A to X – Table 1) and the condition definitions are applied across all assets from 
air-handling units to towel dispensers. The outcome of this survey is a lifetime prediction for the AHU. 
Often, for professional indemnity insurance reasons, the surveyor will recommend a life consistent with 
that of CIBSE best-practice guidance. This is done on an AHU level. CIBSE recommends an expected 
lifetime of 25 years for an internally mounted AHU and 20 years for an externally mounted AHU. 
Overall, such an approach is acceptable for low-cost assets or those aspects of lifecycle which are 
‘straight forward’ (such as cyclic-painting regimes). However, such approaches to lifecycle modelling of 
complex assets are inferior and persist in business for the following reasons: 
- Physical Inaccessibility – the AHUs are (comparatively speaking) high-risk assets and 
are in use at least 16 hours per day. The majority of AHUs at HCP1 are used 24 hours 
per day and that makes physical inspection on a component level almost impossible. 
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- Data Inaccessibility – due to the SAM-survey team not being located on site, obtaining 
information such as the BIM model or AHU drawings was a task which had not been 
undertaken since the research took place. 
- Unfamiliarity with BIM – at best, very few MSPs utilise BIM models. Prior to the 
research project, HCP did not utilise the BIM model for operational purposes. This 
creates unfamiliarity with BIM and therefore a barrier for understanding the AHU 
components through the geometrical model. 
- Lack of business case – as yet, there is no business case for demonstrating the 
economic benefits of changing the approach which HCP currently employs for air-
handling unit lifecycle. 
- Time constraints – HCP is one of 37 projects in the HCP portfolio, and the AHUs account 
for less than 10% of the current lifecycle budget. Accurate time evaluations for asset-
level surveying of air-handling units means HCP will be confident it can deliver to clients 
on schedule. A change from asset to component level could affect their ability to 
deliver lifecycle models on time. 
9.3 Considering Lifecycle Costs 
BSI defined Lifecycle Costing as “the costs associated with acquiring, using, caring for and disposing of 
physical assets”. ISO 15686:2008 defines lifecycle costs as including the construction, operation, 
maintenance and end-of-life phase. Within the boundaries of this definition, the costs considered in the 
strategic management of AHUs within a PFI contract fall strictly within the maintenance phase because 
of the finite window of responsibility the MSP/SPV is required to deliver. Chapter 3 looked at which 
costs within the commonly used term ‘lifecycle’ should be adopted into the more specific PFI PALM: 
- Capital costs – one-off expenditure relating to a facility – excluded 
- Operational costs – a broad term, but covered during section 3.2.3 -included 
- Acquisition costs – the cost included in acquiring an asset – excluded 
- Nominal, real and discounted costs – included 
- Disposal costs – excluded 
- End-of-life costs – excluded 
Lair and Chevalier (2002) presented a way of varying the targeted costs to allow for fiscal differences in 
the resultant lifecycle profile depending on the decision-maker’s appetite level. This was adopted and 
inspired the 4-option choice system within PALM. PALM used a mean-compound interest rate of 2.5% 
because it was deemed reasonable by the HCP commercial team and made the outputs directly 
comparable to Option C. The costs per part were collected during the data-collection exercise and, 
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although an artificial neural network had been originally planned to forecast the costs (due to a lack of 
data points necessary for training), the mean cost was taken. The mean costs for the parts can be found 
in Table 35. The only part which had no cost recorded was the silencer and so Allaway Acoustics was 
contacted which recommended a part cost of £235 (see Appendix 25). On-costs for parts were barely 
recorded which meant that a blanket value of 20% was applied on top of the mean-part costs. This 20% 
figure was used as it was the value currently prescribed by HCP when modelling on an asset level and 
therefore ensured comparability between option C and the four PALM options presented. 
9.4 Techniques Available for Modelling Lifecycle Differently 
The current technique for modelling lifecycle is based on the condition survey which translates directly 
into a FCI, or facility condition scale (shown in Table 4). The results of the current model approach form 
the basis of how we invest capital, as illustrated in ISO 55000’s asset reinvestment logic diagram. The 
Building Valuation Model, Lifecycle Actuarial Model and Mathematical Parametric Model between 
them cover the approaches which are currently used in industry. These models are, however, flawed in 
so far as they base their funding profiles on the original condition survey data, which is high (asset) 
level, generic and often compromised by personal indemnity insurance issues. 
New, engineering-based techniques that are currently used mainly in the manufacturing, medical or 
material engineering industries have been considered. These include:  
- Regression Analysis 
- Auto-Regressive Moving Averages (ARMA) 
- Artificial Intelligence 
- Monte Carlo simulation 
- Probability Distributions 
The Monte Carlo simulation and Probability Distributions were adopted for the study because the 
stochastic nature of the Monte Carlo simulation could be used to plug the gaps in data where not all 
the information was available. 
The survey process highlighted some faults with the AHUs and these were noted during the study. 
Including this process avoids a paradigm shift and makes PALM one which goes with (rather than 
against) the grain of the business model currently employed within PFI asset management. 
9.5 Understanding Risk 
Woodhouse’s diagram (Figure 21) shows example decision options when faced with ageing assets. Such 
decisions can be made more straightforward by assessing the unique risk factor of the asset in question. 
CIBSE splits risk into 4 categories: business, design and installation, operation and maintenance and 
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disposal. Conachey’s (2008) study used risk to logically reallocate resources so that the highest risk 
received the most attention in terms of maintenance. This, among other studies (such as Ujjwal’s 
research into corrosion as the damage mechanism (2012) by which the lifetime can be estimated), 
proves that the ways of modelling risk are virtually boundless. This could partly be due to the many 
definitions of the term and the varying contexts in which almost every business and sector operates. 
The risk-based approach meant drawing the conclusion that the problem at hand was both engineering- 
and contractually-based. Put simply, if an AHU serves an area which would have a negligible financial 
impact should the unit fail, there will be a low incentive to fix that part. This is typical of fiscally-based 
logic and is unlikely to change any time soon, hence why the contractual risk and engineering risk factors 
were as important to the process of informing lifecycle replacement. The model accepts that the key 
components of risk are probability and time. The engineering- and financial-risk combination weaves 
neatly into the cumulative-density functions by producing unique replacement times which depend on 
the seven factor categories (from the survey), the financial implications of failure (paymech risk), part 
runtime at HCP (22.9 hours) and component-level failure data. The theory of how this works can be 
seen in Figure 43 and the resulting impact of such an understanding of risk is a lower, more realistic 
lifecycle model and profile. 
9.6 The Impact of Component-Level Replacement Models 
Table 2 in Chapter 1 sought to explain the current costs associated with the Lifecycle Costing of AHUs 
at HCP1 through common metrics used in the industry. The resulting costs arise because of the way the 
assets are surveyed, costed and modelled. The PALM theory is highlighted best in Figure 36. The metric 
of the proposed options can be seen in Table 36 (key statistics across all options) 
The PALM lifecycle-modelling approach has demonstrated a minimum saving of over £1m on the 
current lifecycle budget planned by HCP during the concession period (ending March 2048). The 
differences are displayed below: 
Table 41: Financial budget differences according to options 
Option Scenarios 
 Option 1 -
Recommended 
Option 2 -
Conservative 
Option 3 - 
Balanced 
Option 4 –  
Optimistic 
Option C –  
Current 
Lifecycle 
Expenditure (Date -
Mar 2048) 
£       3,889,325.00 £       4,549,735.00 £       4,316,696.00 £       3,447,945.00 £6,045,470 
Difference (£) -£2,156,145 -£1,495,735 -£1,728,774 -£2,597,525 n/a 
Difference (%) -35.6% -24.7% -28.6% -42.9% n/a 
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9.7 BIM Geometry as a Visual Aid for Decision-Makers 
Three members of the HCP Board were interviewed following a presentation at the December 2015 
HCP Board meeting. As discussed in the previous chapter, the tool was well received and the members 
agreed that their knowledge, and therefore decision-making abilities, regarding the AHUs had increased 
as a result. While PALM displays areas of improvement, the tool demonstrates that visual-support tools 
can be used to aid in stakeholder understanding and decision-making ability. Some of the key outputs 
from the thematic analysis of results showed that: 
- The model can improve understanding – particularly from a non-technical point of 
view.  
- Understanding is not confined to the HCP Board but to external stakeholders as well.  
- Decision-making can be improved but it is important not to overstate the reliance on 
hard data.  
- Board members feel more confident in the lifecycle prediction when they can 
physically see and pair together the replacement-schedule figures and model.  
- Senior decision-makers are becoming more aware of the operational implications of a 
lifecycle model through seeing part-replacement strategies presented visually.  
- The model can be adapted in future for a different but equally critical asset-
management business area, such as functional obsolescence.  
- The demonstration of a tool like this has rarely been seen before and, as such, it can 
provide HCP with a competitive edge in the PFI marketplace.  
- The way ahead for lifecycle modelling could rely on such modelling approaches in the 
future.  
- The model can be integrated into HCP business propositions for new and existing 
clients in PFI and beyond.  
Direct accessibility to business leaders proved invaluable in terms of gaining feedback and 
improvements on the tool and is a key advantage in industry-led research. 
9.8 Summary 
Since its inception in the early 1990s, the need for a better understanding of lifecycle modelling in the 
PFI industry has been something of an ‘elephant in the room’ amongst asset managers, investment 
directors, other decision-makers and stakeholders, who are all directly affected by the resulting budget 
and fiscal decisions. The current survey-led method uses no historical data, irrespective of the fact that 
the notion of a lifecycle would predict that more and more data will be produced on the performance 
of parts as the contracts age. PALM was applied to what is perhaps the most complex physical asset in 
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perhaps one of the most complex facility management environments in which to explore lifecycle 
modelling and visualisation on a component level of detail previously unseen in industry.  
As things currently stand, the significant income streams and vague budgeting plans for lifecycle 
modelling mean this area is ripe for research opportunities, with clear financial benefits on offer as a 
result of better replacement life-prediction of components. Adopting PALM techniques will provide a 
more wholesome approach than what is currently on offer in the PFI AM industry through placing a 
greater emphasis on the interlinking of the survey process, contract between MSP and client and 
empirical data on the parts of assets. This allows decision-makers on the strategic level and lifecycle 
practitioners on the operational level to be able to make forecasts of lifecycle costs with a greater level 
of accuracy and retrospective accountability. While the tool has its limitations, one of the fundamental 
successes of the research has been that all stakeholders and players feel they have something to 
comment on and discuss whether working in the Board room or plant-room. This is because the data is 
clear, transparent and understandable, a far cry from the output provided by the current methods, to 
date. 
In the future such a tool will facilitate decision-makers’ abilities to manipulate budget levels to ensure 
leaner and operationally more realistic facility management practices, based on evaluating the risk of 
complex, often un-surveyable assets which for all intents and purposes, the industry currently views as 
largely identical.  
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Appendix 1. Workflow Chart 
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Appendix 2. Example AHU Drawing  
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Appendix 3. Data Collection Sheet 
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Appendix 5. Head of Asset Management Contact with 
Hospital Sites 
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Appendix 6. Instances where Hospitals Could not be Included 
in the Study 
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Appendix 7. Contractual Area Weighting Percentage Example 
– Cardiac Unit 
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Appendix 8. Contractual Unit Weighting Percentages  
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Appendix 9. Contractual Failure Event Categories  
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Appendix 10. Install Completion Document
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Appendix 11. Lifecycle Model Component Tab 
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Appendix 12. Grasshopper Logic Diagrams 
Stream 2: AHU System Component Replacement Viewer 
 
Much the same as stream 1, stream 2 receives the lifecycle model as an input but a different set of 
data. The logic sifts through the imported data associated with the components within the AHU being 
modelled and ignores the components which are not included in its configuration. Otherwise known 
as culling, the process involves stepping through the components and where included, these parts are 
visually mapped based on their own unique maxima and minima. This colour feeds forward and is 
assigned to the appropriate casing asset input geometry. The merging of geometry and data occurs 
prior to outputting the meshes to the model. However, in this case, rather than one mesh as in stream 
1, stream two comprises all of the component assets associated and maps them all simultaneously. 
Doing this saves time, memory and model complexity, while increasing speed and responsiveness of 
the model. 
 
Stream 3: AHU Gradient Stream Replacement Viewer 
 
 
Stream 3 follows a similar logic to stream 2, however, in order to generate the gradient colour, the 
maxima and minima mapping is slightly more intricate. The data import, culling and mesh assignment/ 
generation process remains the same. 
 
 
Appendices 
217 
 
Stream 4: AHU System Component Unit Cost viewer 
 
 
Stream 4 was concerned with viewing the cost of the parts. This merged aspects of the previous 
streams; taking the static (i.e. singular cost – rather than time based gradient seen previous) cost data 
in the lifecycle model and applying across multiple components (as opposed to the AHU system as a 
whole as seen previous) through culling rows in the lifecycle model that were not necessary. The 
streaming source shall be dependent and constantly fluctuating due to financial variations in part costs 
in future. In other words, the maxima and minima costs with which to map the values to create the 
colour gradient visual will change over time, as parts naturally increase in cost. Thus, the static 
mapping value seen in previous data streams (the binary code from 0-1) is not as constant in this data 
stream because it is visualising index linked components. Where the components are in real prices, 
this maxima minima fluctuation is still seen to be true because with the updating of the cost data as 
more part failures are recorded, the database limits shall change over time. 
 
Streams 5 and 6: AHU System Total Cost during Concession and Handback 
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Streams 5 and 6 aim to show the user the high ticket items throughout the concession period and 
handback period respectively. The logic pulls the total costs from the lifecycle model associated with 
all the components within a single AHU system and displays the result on an AHU system level to 
illustrate the hotspots in terms of investment over the coming years. More crucially, the handback 
period visualisation follows the same logic but displays the costs outside of the concession period (the 
handback period). This time period can be described as time where the is no income from the client 
through the lifecycle aspect of the UC (or the UC in general in fact) but where there is still an 
expectation of ‘good’ equipment performance and any failures during this period could be billable to 
the MSP. Through visualising these top level costs, decision-makers can instruct further analysis or 
smoothing of figures in key areas to satisfy future DSCRs if necessary. Again, in a similar style to stream 
4, streams 5 and 6 both have to be remapped to take account for maxima and minima costs in their 
periods respectively. 
 
Appendices 
219 
 
D
ar
ge
A
ve
ra
ge
M
it
ch
el
l
0%
10%
20%
30%
40%
50%
60%
70%
80%
90%
100%
A
H
U
 2
9 
Su
p
p
ly
A
H
U
 2
9a
 E
xt
ra
ct
A
H
U
 2
9b
 E
xt
ra
ct
A
H
U
 3
0 
Ex
tr
ac
t
A
H
U
 3
0 
Su
p
p
ly
A
H
U
 3
1 
Ex
tr
ac
t
A
H
U
 3
1 
Su
p
p
ly
A
H
U
 3
3 
Ex
tr
ac
t
A
H
U
 3
4 
Su
p
p
ly
A
H
U
 3
4b
 E
xt
ra
ct
A
H
U
 3
5 
Ex
tr
ac
t
A
H
U
 3
5A
 S
u
p
p
ly
A
H
U
 3
5B
 S
u
p
p
ly
A
H
U
 3
6 
Su
p
p
ly
A
H
U
 3
6a
 E
xt
ra
ct
A
H
U
 3
6B
 E
xt
ra
ct
A
H
U
 3
7 
Ex
tr
ac
t
A
H
U
 3
8 
Ex
tr
ac
t
A
H
U
 3
8A
 S
u
p
p
ly
A
H
U
 3
8B
 S
u
p
p
ly
A
H
U
 3
9 
Ex
tr
ac
t
A
H
U
 3
9 
Su
p
p
ly
A
H
U
 R
is
k 
Le
ve
l
Air-Handling Unit
90%-100%
80%-90%
70%-80%
60%-70%
50%-60%
40%-50%
30%-40%
20%-30%
10%-20%
0%-10%
D
ar
ge
A
ve
ra
ge
M
it
ch
el
l
0%
10%
20%
30%
40%
50%
60%
70%
80%
90%
100%
A
H
U
 1
1A
Su
p
p
ly
A
H
U
 1
1B
Ex
tr
ac
t
A
H
U
 1
1B
Su
p
p
ly
A
H
U
 1
2
Ex
tr
ac
t
A
H
U
 1
2
Su
p
p
ly
A
H
U
 1
3
Su
p
p
ly
A
H
U
 1
3a
Ex
tr
ac
t
A
H
U
 1
3b
Ex
tr
ac
t
A
H
U
 1
4a
Ex
tr
ac
t
A
H
U
 1
4a
Su
p
p
ly
A
H
U
 1
4b
Ex
tr
ac
t
A
H
U
 1
4b
Su
p
p
ly
A
H
U
 1
5a
Ex
tr
ac
t
A
H
U
 1
5a
Su
p
p
ly
A
H
U
 1
5b
Ex
tr
ac
t
A
H
U
 1
5b
Su
p
p
ly
A
H
U
 1
6
Ex
tr
ac
t
A
H
U
 1
6
Su
p
p
ly
A
H
U
 1
7a
Ex
tr
ac
t
A
H
U
 1
7a
Su
p
p
ly
A
H
U
 1
7b
Ex
tr
ac
t
A
H
U
 1
7b
Su
p
p
ly
A
H
U
 R
is
k 
Le
ve
l
Air-Handling Unit
90%-100%
80%-90%
70%-80%
60%-70%
50%-60%
40%-50%
30%-40%
20%-30%
10%-20%
0%-10%
Appendix 13. AHU Engineering-Risk Survey Graphs  
Appendices 
220 
 
D
ar
ge
A
ve
ra
ge
M
it
ch
el
l
0%
10%
20%
30%
40%
50%
60%
70%
80%
90%
100%
A
H
U
 1
8 
Ex
tr
ac
t
A
H
U
 1
8 
Su
p
p
ly
A
H
U
 2
0 
Ex
tr
ac
t
A
H
U
 2
0 
Su
p
p
ly
A
H
U
 2
1 
Su
p
p
ly
A
H
U
 2
2 
Ex
tr
ac
t
A
H
U
 2
2 
Su
p
p
ly
A
H
U
 2
3A
 E
xt
ra
ct
A
H
U
 2
3A
 S
u
p
p
ly
A
H
U
 2
3B
 E
xt
ra
ct
A
H
U
 2
3B
 S
u
p
p
ly
A
H
U
 2
4 
Su
p
p
ly
A
H
U
 2
4A
 E
xt
ra
ct
A
H
U
 2
4B
 E
xt
ra
ct
A
H
U
 2
5 
Su
p
p
ly
A
H
U
 2
5A
 E
xt
ra
ct
A
H
U
 2
5B
 E
xt
ra
ct
A
H
U
 2
7 
Su
p
p
ly
A
H
U
 2
7a
 E
xt
ra
ct
A
H
U
 2
7b
 E
xt
ra
ct
A
H
U
 2
8 
Su
p
p
ly
A
H
U
 2
8a
 E
xt
ra
ct
A
H
U
 R
is
k 
Le
ve
l
Air-Handling Unit
90%-100%
80%-90%
70%-80%
60%-70%
50%-60%
40%-50%
30%-40%
20%-30%
10%-20%
0%-10%
 
 
 
 
 
 
 
 
 
 
D
ar
ge
A
ve
ra
ge
M
it
ch
el
l
0%
10%
20%
30%
40%
50%
60%
70%
80%
90%
100%
A
H
U
 4
0 
Ex
tr
ac
t
A
H
U
 4
0A
 S
u
p
p
ly
A
H
U
 4
0B
 S
u
p
p
ly
A
H
U
 4
1 
Ex
tr
ac
t
A
H
U
 4
1 
Su
p
p
ly
A
H
U
 4
2 
Ex
tr
ac
t
A
H
U
 4
2A
 S
u
p
p
ly
A
H
U
 4
2B
 S
u
p
p
ly
A
H
U
 4
4 
Ex
tr
ac
t
A
H
U
 4
4 
Su
p
p
ly
A
H
U
 4
5 
Ex
tr
ac
t
A
H
U
 4
5 
Su
p
p
ly
A
H
U
 4
6 
Ex
tr
ac
t
A
H
U
 4
6 
Su
p
p
ly
A
H
U
 4
7A
 S
u
p
p
ly
A
H
U
 4
7B
 S
u
p
p
ly
A
H
U
 4
8 
Su
p
p
ly
A
H
U
 D
E0
1
A
H
U
 D
E0
2
A
H
U
 D
E0
3
A
H
U
 D
E0
4
A
H
U
 D
E0
5
A
H
U
 R
is
k 
Le
ve
l
Air-Handling Unit
90%-100%
80%-90%
70%-80%
60%-70%
50%-60%
40%-50%
30%-40%
20%-30%
10%-20%
0%-10%
Appendices 
221 
 
Appendix 14. Paymech Risk Level Results 
 
Nuclear Medicine - Gamma Camera
Nuclear Medicine - Gamma Camera
AHU 02E Extract from Linac Bunkers 1 
and 2
AHU 02S Supply to Linac Bunkers 1 and 2
AHU 03E Extract from Linac Bunkers 3 
and 4
AHU 03S Supply to Linac Bunkers 3 and 4
AHU 04E Extract from Linac Bunkers 5 
and 6
AHU 04S Supply to Linac Bunkers 5 and 6
AHU 05S Supply to Radiotherapy Cancer
AHU 05aE Extract from Radiotherapy 
Cancer
AHU 05bE Extract from Radiotherapy 
Cancer
AHU 06E Extract from Support Services 
Diagnostic
AHU 06S Supply to Support Services 
Diagn stic
Outpatients & Minor Injuries Unit
Outpatients & Minor Injuries Unit
Support Services - Vascular Laboratory
Support Services - Vascular Laboratory
General Outpatients & Cardiac Unit 
Shared Support 
General Outpatients & Cardiac Unit 
Shared Support 
Support Services - Nuclear Med & Gynae 
Colposcopy
Support Services - Nuclear Med & Gynae 
Colposcopy
KGV Unit A
KGV Units A
KGV Unit B
KGV Units B
Pharmacy
Pharmacy
AHU 13S Supply to Diagnostic Imaging 
Xray Rooms
AHU 13aE Extract from Diagnostic 
Imaging Xr y Rooms
AHU 13aE Extract from Diagnostic 
Imaging Xray Rooms
AHU 14aE Extract from Cardiac Theatre 
Suite
AHU 14aS Supply to Cardiac Theatre 
Suite
AHU 14bE Extract from Cardiac Theatre 
Suite
AHU 14bS Supply to Cardiac Theatre 
Suite
AHU 15aE Extract from Cardiac Theatre 
Suite
AHU 15aS Supply to Cardiac Theatre 
Suite
AHU 15bE Extract from Cardiac Theatre 
Suite
AHU 15bS Supply to Cardiac Theatre 
Suite
AHU 16E Extract from Cardiac Theatre 
Suite
AHU 16S Supply to Cardiac Theatre Suite
AHU 17aE Extract from Cardiac Theatre 
Suite
AHU 17aS Supply to Cardiac Theatre 
Suite
AHU 17bE Extract from Cardiac Theatre 
Suite
AHU 17bS Supply to Cardiac Theatre 
Suite
AHU 18E Extract from Cardiac Theatre 
Suite
AHU 18S Supply to Brachytherapy Suite
AHU 20E Extract from Cardiac and 
Cancer Theatre Support
AHU 20S Supply to Cardiac and Cancer 
Theatre Support
Dining Room
Cardiac CIRU
Cardiac CIRU
Cardiac HDU
Cardiac HDU
Cardiac HDU
Cardiac HDU
Cardiac Inpatients & Diagnostic Unit
Cardiac Inpatients & Diagnostic Unit
Cardiac Inpatients & Diagnostic Unit
Cardiac Inpatients & Diagnostic Unit
Cardiac Inpatients & Diagnostic Unit
Cardiac Inpatients & Diagnostic Unit
AHU 27S Supply to Cardiac High 
Dependancy Unit
AHU 27aE Extract from Cardiac High 
Dependancy Unit
AHU 27bE Extract from Cardiac High 
Dependancy Unit
AHU 28S Supply to Respitory Medicine
AHU 28aE Extract from Respitory 
Medicine
AHU 29S Supply to Inpatient Wards
AHU 29aE Extract from Inpatient Wards 
AHU 29bE Extract from Inpatient Wards
AHU 30E Extract from Catheter 
Laborotaries
AHU 30S Supply to Catheter Laborotaries
Cardiac Inpatients & Diagnostic Unit -
Isolation Room
Cardiac Inpatients & Diagnostic Unit -
Isolation Room
Impatient wards - Haematological 
Malignancies
Inpatient wards - Haematological 
M lignanci s
AHU 34S Supply to Inpatient Wards Med 
Oncology
AHU 34bE Extract from Inpatient Wards 
Med O cology
Gene Therapy General Areas
Gene Therapy Unit - Isolator Areas
Gene Therapy Unit - General Areas
AHU 36S Supply to Cancer Centre Day 
Care Unit
AHU 36aE Extract from Cancer Centre 
Da  Care Unit
Cancer Centre Daycare Unit
Haematological Malignancies (+ve) 
Isolation Rooms
Haematological Malignancies Isolation 
R oms - No. 1
Haematological Malignancies Isolation 
Rooms - No. 2
Bone Marrow Unit - Isolation Unit
Bone Marrow Unit - No. 1
Bone Marrow Unit - No. 2
Support Services - Radiation Laboratories
Radiopharmacy & Support Services
Respiratory Medicine - Isolation Rooms
Respiratory Medicine - Isolation Rooms -
No. 1
Respiratory Medicine - Isolation Rooms -
No. 2
Cystic Fibrosis Unit - Isolation Rooms
Cystic Fibrosis Unit
Critical Care Isolation Room
Critical Care Isolation Room
Critical Care Isolation Room
Basement FM
Basement FM
Civas Assembley Area L/L Extract
AHU 45S Supply to Lithotripter Day 
Procedure
Cardiac Imaging
Cardiac Imaging Suit
Haematological Malignancies Isolation 
Rooms - No. 1
Haematological Malignancies Isolation 
Rooms - No. 2
Inpatient Wards - Haematological 
Maligna cies
AHU DE01 
AHU DE02
AHU DE03
AHU DE04
AHU DE05
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
AHU 01 Extract
AHU 01 Supply
AHU 02 Extract
AHU 02 Supply
AHU 03 Extract
AHU 03 Supply
AHU 04 Extract
AHU 04 Supply
AHU 05 Supply
AHU 05a Extract
AHU 05b Extract
AHU 06 Extract
AHU 06 Supply
AHU 07 Extract
AHU 07 Supply
AHU 08 Extract
AHU 08 Supply
AHU 09 Extract
AHU 09 Supply
AHU 10 Extract
AHU 10 Supply
AHU 11A Extract
AHU 11A Supply
AHU 11B Extract
AHU 11B Supply
AHU 12 Extract
AHU 12 Supply
AHU 13 Supply
AHU 13a Extract
AHU 13b Extract
AHU 14a Extract
AHU 14a Supply
AHU 14b Extract
AHU 14b Supply
AHU 15a Extract
AHU 15a Supply
AHU 15b Extract
AHU 15b Supply
AHU 16 Extract
AHU 16 Supply
AHU 17a Extract
AHU 17a Supply
AHU 17b Extract
AHU 17b Supply
AHU 18 Extract
AHU 18 Supply
AHU 20 Extract
AHU 20 Supply
AHU 21 Supply
AHU 22 Extract
AHU 22 Supply
AHU 23A Extract
AHU 23A Supply
AHU 23B Extract
AHU 23B Supply
AHU 24 Supply
AHU 24A Extract
AHU 24B Extract
AHU 25 Supply
AHU 25A Extract
AHU 25B Extract
AHU 27 Supply
AHU 27a Extract
AHU 27b Extract
AHU 28 Supply
AHU 28a Extract
AHU 29 Supply
AHU 29a Extract
AHU 29b Extract
AHU 30 Extract
AHU 30 Supply
AHU 31 Extract
AHU 31 Supply
AHU 33 Extract
AHU 33 Supply
AHU 34 Supply
AHU 34b Extract
AHU 35 Extract
AHU 35A Supply
AHU 35B Supply
AHU 36 Supply
AHU 36a Extract
AHU 36B Extract
AHU 37 Extract
AHU 37A Supply
AHU 37B Supply
AHU 38 Extract
AHU 38A Supply
AHU 38B Supply
AHU 39 Extract
AHU 39 Supply
AHU 40 Extract
AHU 40A Supply
AHU 40B Supply
AHU 41 Extract
AHU 41 Supply
AHU 42 Extract
AHU 42A Supply
AHU 42B Supply
AHU 44 Extract
AHU 44 Supply
AHU 45 Extract
AHU 45 Supply
AHU 46 Extract
AHU 46 Supply
AHU 47A Supply
AHU 47B Supply
AHU 48 Supply
AHU DE01
AHU DE02
AHU DE03
AHU DE04
AHU DE05
Low risk High risk 
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Appendix 15. Monte Carlo-Simulated Distributions and Statistics 
 
 
Distribution Lifecycle 
Pseudonym 
Risk Profile Parameters Min Max  
(95% perc.) 
Mean Standard 
Deviation 
Variance Skewness Kurtosis 
y α β Min life Mean Life Max Life 
Weibull Conservative Low 0 2 125,378 n/a n/a n/a 22063.87 216441.3 114298.7 57219.04 3.27+E09 0.7531979 3.517145 
Triangular Balanced Medium n/a n/a n/a 21,720 125,378 229,035 27338.87 193745.5 125282.2 42296.52 1.78+E09 -0.0212347 2.41119 
Rayleigh Optimistic High n/a n/a 125,378 n/a n/a n/a 23374.66 301497 158907.8 80018.28 6.40+E09 0.5868077 2.923434 
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Distribution Lifecycle 
Pseudonym 
Risk Profile Parameters Min Max  
(95% perc.) 
Mean Standard 
Deviation 
Variance Skewness Kurtosis 
y α β Min life Mean Life Max Life 
Weibull Conservative Low 0 5 125,378 n/a n/a n/a 83849.9 226785 143411.8 45264.18 2.04+E09 0.941577 3.477672 
Triangular Balanced Medium n/a n/a n/a 83,790 125,378 166,965 87257.63 152622.4 125331.6 17089.08 2.92+E08 -0.0144965 2.438406 
Rayleigh Optimistic High n/a n/a 125,378 n/a n/a n/a 85446.18 312097.4 182695 71131.37 5.05+E09 0.9345519 3.78427 
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Distribution Lifecycle 
Pseudonym 
Risk Profile Parameters Min Max  
(95% perc.) 
Mean Standard 
Deviation 
Variance Skewness Kurtosis 
y α β Min life Mean Life Max Life 
Weibull Conservative Low 0 2 125,378 n/a n/a n/a 23170.57 212623.6 113691.8 55993.04 3.13+E09 0.6290312 3.005017 
Triangular Balanced Medium n/a n/a n/a 83,790 125,378 166,965 31142.78 193797.3 125381.9 43071.23 1.85+E09 0.01442449 2.480489 
Rayleigh Optimistic High n/a n/a 125,378 n/a n/a n/a 25572.42 305118.2 159687.8 83368.15 6.95+E09 0.8778144 4.288121 
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Distribution Lifecycle 
Pseudonym 
Risk Profile Parameters Min Max  
(95% perc.) 
Mean Standard 
Deviation 
Variance Skewness Kurtosis 
y α β Min life Mean Life Max Life 
Weibull Conservative Low 0 2 8,359 n/a n/a n/a 614.5117 14277.77 7400.841 3864.163 1.49+E07 0.5828252 3.020637 
Triangular Balanced Medium n/a n/a n/a 0 8,359 16,717 1104.096 13872.32 8366.558 3440.634 1.18+E07 0.02203558 2.439902 
Rayleigh Optimistic High n/a n/a 8,359 n/a n/a n/a 257.7664 20373.91 10492.9 5537.84 3.06+E07 0.6178509 3.163889 
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Distribution Lifecycle 
Pseudonym 
Risk Profile Parameters Min Max  
(95% perc.) 
Mean Standard 
Deviation 
Variance Skewness Kurtosis 
y α β Min life Mean Life Max Life 
Weibull Conservative Low 0 3.5 83,585 n/a n/a n/a 72167.37 159172.8 106548.1 28271.8 7.99+E08 1.192743 4.495864 
Triangular Balanced Medium n/a n/a n/a 71,694 83,585 95,476 72214.47 91630.3 83575.78 4899.63 2.40+E07 -0.0236437 2.448101 
Rayleigh Optimistic High n/a n/a 83,585 n/a n/a n/a 71848.16 213961.5 131679.5 48410.69 2.34+E09 1.673081 8.118417 
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Distribution Lifecycle 
Pseudonym 
Risk Profile Parameters Min Max  
(95% perc.) 
Mean Standard 
Deviation 
Variance Skewness Kurtosis 
y α β Min life Mean Life Max Life 
Weibull Conservative Low 0 2 167,710 n/a n/a n/a 45570.29 291481.6 157103.2 72594.47 5.26+E09 0.7419856 3.267949 
Triangular Balanced Medium n/a n/a n/a 45,504 167,710 288,836 57089.5 249989.5 167220.3 49709.81 2.47+E09 -0.0024521 2.403553 
Rayleigh Optimistic High n/a n/a 167,710 n/a n/a n/a 47630.23 400204.3 216396.7 106728.2 1.13+E10 0.7509672 3.443611 
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Distribution Lifecycle 
Pseudonym 
Risk Profile Parameters Min Max  
(95% perc.) 
Mean Standard 
Deviation 
Variance Skewness Kurtosis 
y α β Min life Mean Life Max Life 
Weibull Conservative Low 0 2 62,689 n/a n/a n/a 20,184 109,594 59960.83 26887.67 7.22E+08 0.7810072 3.328786 
Triangular Balanced Medium n/a n/a n/a 19,688 62,689 105,689 24,767 90,947 62721.66 17761.05 3.15E+08 0.0188723 2.466686 
Rayleigh Optimistic High n/a n/a 62,689 n/a n/a n/a 20,798 150,982 82270.14 41216.98 1.69E+09 1.123652 5.488101 
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Distribution Lifecycle 
Pseudonym 
Risk Profile Parameters Min Max  
(95% perc.) 
Mean Standard 
Deviation 
Variance Skewness Kurtosis 
y α β Min life Mean Life Max Life 
Weibull Conservative Low 0 2 125,378 n/a n/a n/a 55483.51 221989.3 126845.9 51560.59 2.65+E09 0.8926715 3.543728 
Triangular Balanced Medium n/a n/a n/a 54,327 125,378 231,067 60332.12 172840.8 125433.9 29303.84 8.58+E08 0.02257476 2.465358 
Rayleigh Optimistic High n/a n/a 125,378 n/a n/a n/a 56555.16 305001.4 168816.5 76134.58 5.79+E09 0.7899754 3.458869 
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Distribution Lifecycle 
Pseudonym 
Risk Profile Parameters Min Max  
(95% perc.) 
Mean Standard 
Deviation 
Variance Skewness Kurtosis 
y α β Min life Mean Life Max Life 
Weibull Conservative Low 0 2 208,963 n/a n/a n/a 44240.91 363593 192041.5 94709.92 8.96+E09 0.7854061 3.582381 
Triangular Balanced Medium n/a n/a n/a 42,480 208,963 231,067 48410.7 322002.8 208769.8 68430.72 4.68+E09 -0.0441807 2.453372 
Rayleigh 
 
Optimistic High n/a 
 
 
 
n/a 208,963 n/a n/a n/a 47809 502706.2 266252.5 132994.3 1.76+E10 0.6147358 3.015522 
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 Name    Cooling & Frost 
Coil / Weibull 
Distribution 
Heating & Run 
Around Coil / 
Weibull 
Distribution 
Control Panel / 
Weibull 
Distribution 
Fan (Supply and 
Extract) / 
Weibull 
Distribution 
Filter / Weibull 
Distribution 
Humidifier / 
Weibull 
Distribution 
Inverter / 
Weibull 
Distribution 
Motor / Weibull 
Distribution 
Shut-off Damper 
/ Weibull 
Distribution 
Silencer / 
Weibull 
Distribution 
 Description    RiskWeibull(S61,T6
1,RiskTruncate(Y61
)) 
RiskWeibull(S63,T6
3,RiskTruncate(Y63
)) 
RiskWeibull(S66,T6
6,RiskTruncate(Y66
)) 
RiskWeibull(S67,T6
7,RiskTruncate(Y67
)) 
RiskWeibull(S71,T7
1,RiskTruncate(Y71
)) 
RiskWeibull(S74,T7
4,RiskTruncate(Y74
)) 
RiskWeibull(S75,T7
5,RiskTruncate(Y75
)) 
RiskWeibull(S77,T7
7,RiskTruncate(Y77
)) 
RiskWeibull(S79,T7
9,RiskTruncate(Y79
)) 
RiskWeibull(S80,T8
0,RiskTruncate(Y80
)) 
 Cell    CDFs!U61 CDFs!U63 CDFs!U66 CDFs!U67 CDFs!U71 CDFs!U74 CDFs!U75 CDFs!U77 CDFs!U79 CDFs!U80 
 Minimum  12509.26 21769.73 83834.79 23577.14 775.3091 72170.69 20184.33 22440.19 54982.5 44240.91 
 Maximum  271366.2 278463.3 176969.8 312951.3 19783.74 205424.1 145986.5 284580.2 274808.5 519796.3 
 Mean  111558.4 113999.1 121694.1 113907.3 7406.091 106540.7 59960.83 113368.7 126475.8 192041.5 
 Std Deviation  56915.29 56393.61 20967.02 57060.78 3884.358 28151.79 26887.67 56448.48 50507.28 94709.92 
 Variance  3239350000 3180239000 439616000 3255932000 15088240 792523500 722946700 3186431000 2550985000 8969969000 
 Skewness  0.5502582 0.6401111 0.3037759 0.7529846 0.6164537 1.13725 0.7810072 0.6417186 0.7859874 0.7854061 
 Kurtosis  2.850277 2.996772 2.533443 3.552671 3.159291 4.155419 3.328786 3.070033 3.119716 3.582381 
 Errors  0 0 0 0 0 0 0 0 0 0 
 Mode  90624.73 105778.6 125544.6 123981.5 4843.73 72593.21 51274.91 92503.63 60429.02 128132.9 
 5% Perc  29653.73 35359.79 88905.54 33987.99 1785.873 73662.96 23545.44 33662.5 59989.68 60579.37 
 10% Perc  41374.72 45275.66 94035.18 44422.51 2646.562 76225.98 28092.64 44525.04 67079.56 78691.87 
 15% Perc  51627.07 53360.33 98220.85 54426.71 3349.349 78806.63 31594.37 53659.98 73329.71 92226.84 
 20% Perc  58705.41 62011.95 101983.6 62164.3 3946.755 81678.88 35016.03 60865.24 79428.84 106510.3 
 25% Perc  66715.84 69655.02 105052.1 69401.77 4412.47 84420.09 38843.77 69591.28 86048.7 118122.5 
 30% Perc  75252.16 77863.45 108385 76980.95 4907.57 87313.35 41948.43 76546.01 91947.29 129750.6 
 35% Perc  81978.55 83959.79 111568.1 83537.14 5438.764 89695.58 45339.49 84157.57 97882.81 141893.1 
 40% Perc  89811.52 91517.34 114435.5 91669.52 5884.9 92859.51 48661.09 91220.58 104406 153897 
 45% Perc  97412.21 98333.14 117723.4 98342.73 6444.27 96516.54 51810.29 98493.65 110021.6 165701.1 
 50% Perc  104620.4 105679.5 120663.8 105130.2 6925.438 99905.55 55521.04 105637.6 116866.6 177158.5 
 55% Perc  111557.1 112648.1 123251.2 113198.5 7425.376 103214.9 58916.41 112984.6 123414.5 190386.1 
 60% Perc  118983 121606.9 126007.7 120266.4 7958.789 107112.3 62813.3 120213.4 131408.3 204179.5 
 65% Perc  127431.5 128707.9 129628.5 129929.2 8498.076 111462.4 66891.98 128843.7 138041.4 216672.6 
 70% Perc  136558.8 138630.6 132546.2 137614.8 9165.991 116242.2 70655.48 137893.6 146585.2 232829.3 
 75% Perc  147102.5 148589 136039 147542 9762.782 120702 75904.97 148377 156101.1 246916.3 
 80% Perc  158665.2 160462.2 139727.4 158988.5 10588.76 127588.5 81292.51 158153.1 166263.4 265345.6 
 85% Perc  171895.9 171755.1 144044.5 173074.9 11376.51 134332.3 87536.66 173015 178718.7 289006.3 
 90% Perc  187220.4 190185.3 149029.3 190677 12656.61 144195 96625.23 190391.2 195906.5 318133.2 
 95% Perc  214140.7 217008.1 155706.9 214431 14407.12 159121.2 109594.4 211595.3 222901.4 363593 
 
. 
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Name    Cooling & Frost 
Coil / Triangular 
Distribution 
Heating & Run 
Around Coil / 
Triangular 
Distribution 
Control Panel / 
Triangular 
Distribution 
Fan (Supply and 
Extract) / 
Triangular 
Distribution 
Filter / 
Triangular 
Distribution 
Humidifier / 
Triangular 
Distribution 
Inverter / 
Triangular 
Distribution 
Motor / 
Triangular 
Distribution 
Shut-off Damper 
/ Triangular 
Distribution 
Silencer / 
Triangular 
Distribution 
 Description    RiskTriang(O35,P35
,Q35,RiskTruncate(
Y35)) 
RiskTriang(O37,P37
,Q37,RiskTruncate(
Y37)) 
RiskTriang(O40,P40
,Q40,RiskTruncate(
Y40)) 
RiskTriang(O41,P41
,Q41,RiskTruncate(
Y41)) 
RiskTriang(O45,P45
,Q45,RiskTruncate(
Y45)) 
RiskTriang(O48,P48
,Q48,RiskTruncate(
Y48)) 
RiskTriang(O49,P49
,Q49,RiskTruncate(
Y49)) 
RiskTriang(O51,P51
,Q51,RiskTruncate(
Y51)) 
RiskTriang(O53,P53
,Q53,RiskTruncate(
Y53)) 
RiskTriang(O54,P54
,Q54,RiskTruncate(
Y54)) 
 Minimum  22757.03 35639.62 88676.74 26274.65 987.6715 73183.31 62287.34 24767.43 63045.21 48410.7 
 Maximum  227916 216594.3 162263.2 215458.4 16171.13 94282.71 280378.9 104038.5 189771 354362.8 
 Mean  125352 125374.5 125419.8 125202.8 8366.591 83575.22 167254 62721.66 125369.6 208769.8 
 Std Deviation  47014.78 42314.29 17072.03 42838.74 3437.166 4866.655 49937.96 17761.05 29110.26 68430.72 
 Variance  2210390000 1790499000 291454000 1835157000 11814110 23684330 2493800000 315455000 847407100 4682763000 
 Skewness  -0.00711356 0.003358453 0.01400448 -0.02699728 0.02120776 0.002395069 0.023139 0.01887232 0.01462102 -0.04418078 
 Kurtosis  2.422147 2.392426 2.413701 2.426528 2.434053 2.405579 2.420327 2.466686 2.401568 2.453372 
 Errors  0 0 0 0 0 0 0 0 0 0 
 Mode  117624.2 134662.2 131853.7 114754.3 8807.962 83519.13 158988.8 61202.02 125136.8 186896.2 
 5% Perc  45764.93 53175.18 96787.12 53102.17 2460.399 75231.63 80060.59 32550.74 76228.41 90679.76 
 10% Perc  61955.46 67366.27 101778.8 67692.93 3723.974 76739.88 99377.97 38222.35 85292.07 116500.9 
 15% Perc  73450.09 77968.6 106103.9 77221.41 4446.806 78029.66 111015.1 42546.5 92311.23 133641.6 
 20% Perc  82010.91 87073.32 109879.4 85759.43 5203.435 79086.16 121943.9 46421.45 99037.62 145695.9 
 25% Perc  91518.33 94199.8 112956.4 93776 5879.538 79968.1 130469.9 49606.91 103595.9 159078.4 
 30% Perc  98878.13 101930.4 115819.9 100993.2 6395.425 80822.72 139203.7 52699.08 108554.5 170707.7 
 35% Perc  105654.2 108104.7 118311.6 107545.7 6939.117 81539 147039.8 55369.56 113465.1 180532.9 
 40% Perc  112435.8 113334.7 120536.1 114041.7 7402.967 82197.35 154051.9 58006.29 117171.6 190534.6 
 45% Perc  118373.9 119537.5 122953.2 119572.4 7922.442 82960.15 160206 60381.29 121159.7 199758.2 
 50% Perc  125156.5 125017.8 125151.2 124880.9 8309.5 83486.6 167086.7 62306.23 125278.4 208552.2 
 55% Perc  130457.6 130509.7 127278.1 129908.5 8755.034 84117.81 173094.6 64705.78 128654.9 215857.9 
 60% Perc  136925.7 135264.3 129460.2 135461.5 9237.242 84812.4 179822.8 67223.27 132416.2 226056.7 
 65% Perc  143348.5 141311.3 131729.3 141328.3 9659.241 85507.02 186159.4 69248.56 136598.3 235460.9 
 70% Perc  150751.3 147496.2 134729.6 148656 10232.93 86226.01 193654.8 72305.66 140721.3 245724.7 
 75% Perc  158423.2 154402.5 137016.8 154782.5 10731.17 86934.18 202231.7 75261.63 145196 257196.1 
 80% Perc  166244.8 162504.6 140538.7 162987.8 11318.93 87887.11 210775.8 78321.02 151138.4 268028.3 
 85% Perc  175525.5 171034.6 144061.4 170695.5 12121.49 88949.81 221933.8 81491.8 157428.9 283192.2 
 90% Perc  188276.4 182339.5 148182.1 182288.5 12890.5 89901.67 233617.9 85970.13 163324.9 300324.9 
 95% Perc  201049.4 195389.3 153813.2 196319.1 14037.67 91517.92 248246.9 90947.2 172765.2 322002.8 
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Name    Cooling & Frost 
Coil / Rayleigh 
Distribution 
Heating & Run 
Around Coil / 
Rayleigh 
Distribution 
Control Panel / 
Rayleigh 
Distribution 
Fan (Supply and 
Extract) / 
Rayleigh 
Distribution 
Filter / Rayleigh 
Distribution 
Humidifier / 
Rayleigh 
Distribution 
Inverter / 
Rayleigh 
Distribution 
Motor / Rayleigh 
Distribution 
Shut-off Damper 
/ Rayleigh 
Distribution 
Silencer / 
Rayleigh 
Distribution 
 Description    RiskRayleigh(V86,Ri
skTruncate(Y86)) 
RiskRayleigh(V89,Ri
skTruncate(Y89)) 
RiskRayleigh(V92,Ri
skTruncate(Y92)) 
RiskRayleigh(V93,Ri
skTruncate(Y93)) 
RiskRayleigh(V97,Ri
skTruncate(Y97)) 
RiskRayleigh(V100,
RiskTruncate(Y100)
) 
RiskRayleigh(V101,
RiskTruncate(Y101)
) 
RiskRayleigh(V103,
RiskTruncate(Y103)
) 
RiskRayleigh(V105,
RiskTruncate(Y105)
) 
RiskRayleigh(V106,
RiskTruncate(Y106)
) 
 Cell    CDFs!W86 CDFs!W89 CDFs!W92 CDFs!W93 CDFs!W97 CDFs!W100 CDFs!W101 CDFs!W103 CDFs!W105 CDFs!W106 
 Minimum  19619.17 28036.88 84270.44 23415.87 696.0426 72422.16 48709.85 20798.47 54516.7 47809 
 Maximum  424039.9 391814 402669.2 411382.5 26051.49 275330.3 510586.1 261608.6 400383.3 662345.6 
 Mean  157473.2 159137.3 182597.8 158920.7 10454.07 130759.3 215826.7 82270.14 168805.8 266252.5 
 Std Deviation  81973.79 80538.16 70612 80619.71 5461.36 44386.32 105006.8 41216.98 75719.4 132994.3 
 Variance  6719702000 6486395000 4986055000 6499537000 29826460 1970146000 11026430000 1698839000 5733428000 17687490000 
 Skewness  0.6486344 0.6082147 0.8395277 0.6233013 0.5507658 0.9640388 0.6475753 1.123652 0.7389185 0.6147358 
 Kurtosis  3.265059 2.960608 3.285249 3.096197 2.933978 3.653872 2.999654 5.488101 3.174883 3.015522 
 Errors  0 0 0 0 0 0 0 0 0 0 
 Mode  109668.1 161323.1 152530.9 104666.8 5986.337 78942.07 168398.1 79241.84 80156.05 166106.7 
 5% Perc  39999.01 42629.53 91297.96 42047.33 2603.228 76183.91 68470.97 27941.49 65991.48 75992.3 
 10% Perc  57821.3 60084.37 100915.3 58670.89 3783.346 80746.3 88232.45 33694.8 78719.68 101431.3 
 15% Perc  70368.85 73967.34 109673 73428.55 4761.339 86042.83 103322.3 40610.76 88074.52 123957.1 
 20% Perc  82522.03 84814.05 117442.4 84360.58 5548.632 89965.09 119560 45308.49 98759 143237.7 
 25% Perc  94758.88 95739.73 125695.5 96486.44 6311.299 95249.67 133426.9 50907.48 108045.4 164080 
 30% Perc  104742.6 106052.2 133424.2 106028 6973.228 100105.1 145816.5 55925.38 118945.5 181208.7 
 35% Perc  115619.5 117463 143363.2 116950.5 7709.961 105245 159689 60686.38 127357.2 198106.2 
 40% Perc  125981.4 128106.1 151490.7 127035.5 8404.305 110051 172525.1 65453.75 136647.6 212897.9 
 45% Perc  135846 137939.4 159041.6 138348.1 9052.971 115626.4 186150.2 70423.07 146315.3 232113.5 
 50% Perc  147018.8 148901.6 169156.5 148335.6 9796.749 120863.1 200048.2 75874.8 156378.6 246928.3 
 55% Perc  158085.1 159516.7 177825.5 159095.7 10490.37 127218.4 214514 81131.55 165971.3 263913 
 60% Perc  168288 171080.6 187503.7 170093.8 11162.98 133212 229863.3 86360.05 176911.5 284471.5 
 65% Perc  181774.9 181982 198885.4 182047.8 12056.88 140025.6 245547 92294.83 188431.8 302053.1 
 70% Perc  192647.4 193927.4 209502.2 194230.6 12814.46 147448.4 263115.5 99053.74 200712.9 325040.2 
 75% Perc  206210.1 207822.6 224444.9 208332.4 13852.6 156505.3 278490.8 104996.8 215204.3 349849.3 
 80% Perc  222587.9 225902 238099 223875.4 14799.54 166043.1 300750.8 113249.8 231391.7 371893.4 
 85% Perc  240595.6 242569.7 258064.2 245007.1 16064.34 176338.9 324002.6 122404.9 246678.6 406234.5 
 90% Perc  264198.9 264848 281680.5 267224.4 17843.62 192645.4 358940.3 133776.7 269509 449261.3 
 95% Perc  302367.9 305624.6 311686.8 300472.4 20162.84 215830 410413.5 150982.6 303823.2 502706.2 
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Appendix 16. Part Probability Plotting 
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Appendix 17. CIBSE and HCP Part-Failure Histograms 
 
 
 
@risk Monte Carlo histogram (CIBSE only) and statistics – Cooling and frost coil 
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@risk Monte Carlo histogram (CIBSE only) and statistics -Heating and run around 
 
 
 
 
Heating and run around coil histogram (HCP & CIBSE) 
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@risk Monte Carlo histogram (CIBSE only) and statistics – Control panel 
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@risk Monte Carlo histogram (CIBSE only) and statistics – Fan (supply and extract)  
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 @risk Monte Carlo histogram and statistics (CIBSE only) 
 
 
 
 
 
 Humidifier Histogram (HCP & CIBSE) 
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@risk Monte Carlo histogram and statistics (CIBSE only) – Inverter 
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@risk Monte Carlo histogram and statistics (HCP only) – Motor 
 
 
 
Motor histogram (HCP and & CIBSE) 
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@risk Monte Carlo histogram and statistics (CIBSE only) – Shut-off damper 
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Appendix 18. Email from Allaway Acoustics 
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Appendix 19. Crosstab Cost Table of in year Lifecycle Replacements 
  
Appendices 
246 
 
Option 1 -Recommended lifecycle profile crosstab for the number of parts to be replaced per year 
Total Part 16-17 17-18 18-19 19-20 20-21 21-22 22-23 23-24 24-25 25-26 26-27 27-28 28-29 29-30 30-31 31-32 32-33 33-34 34-35 35-36 36-37 37-38 38-39 39-40 40-41 41-42 42-43 43-44 44-45 45-46 46-47 47-48 48-49 49-50 50-51 51-52 52-53 
81 
Cooling 
Coils 
0 0 0 0 0 0 0 1 1 3 0 7 2 6 0 0 0 0 0 0 0 4 6 7 4 0 10 6 0 8 7 0 2 0 1 1 5 
42 Frost Coils 0 0 0 0 0 0 0 2 1 0 0 6 1 1 0 0 0 0 0 0 0 2 1 1 1 1 6 3 6 2 4 2 0 0 0 0 2 
107 
Heating 
Coils 
0 0 0 0 0 0 0 2 11 6 0 6 1 3 0 0 0 0 0 0 0 3 11 8 14 1 4 5 3 3 9 6 2 0 1 3 5 
166 
Run 
Around 
Coils 
0 0 0 0 0 3 3 2 6 9 2 12 4 2 0 0 0 1 2 5 2 3 12 15 8 4 10 11 4 8 5 7 4 4 3 6 9 
144 
Control 
Panels 
0 0 0 0 0 3 3 5 6 5 4 10 3 1 0 0 0 0 3 1 4 3 7 13 5 7 9 8 6 9 3 4 4 3 7 3 5 
109 
Supply 
Fans 
0 0 0 0 0 0 1 3 5 9 0 6 1 7 0 0 0 0 0 0 1 5 12 11 1 2 6 3 0 11 6 3 0 0 4 8 4 
96 
Extract 
Fans 
0 0 0 0 0 3 2 1 0 0 3 9 5 0 0 0 0 3 1 4 2 2 3 5 3 5 9 15 5 1 1 3 3 2 3 1 2 
0 
Flatbank 
Filters 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
440 
Other 
Filters 
10 11 13 14 10 14 13 14 8 7 13 14 10 14 13 14 10 11 13 10 10 14 13 14 10 11 13 14 10 14 9 14 10 11 13 14 10 
0 
Polyseal 
Filters 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
69 
Humidifie
rs 
0 0 4 2 5 0 0 2 2 0 0 0 0 0 2 5 7 1 0 7 2 3 0 0 0 0 0 5 7 3 0 4 3 1 4 0 0 
178 Invertors 0 0 0 0 0 0 0 0 0 4 5 2 6 13 4 2 12 5 7 6 0 2 4 0 0 6 0 5 3 6 8 26 9 15 10 7 11 
272 Motors 0 0 0 0 0 4 5 5 4 17 4 26 7 5 2 0 0 0 2 3 5 7 12 22 32 6 10 28 18 13 14 2 4 2 4 4 5 
170 
Shut off 
Dampers 
0 0 0 0 0 2 1 3 5 8 2 15 5 3 0 0 0 0 1 5 1 7 9 19 3 7 16 11 8 9 0 4 2 5 0 6 13 
110 Silencers 0 0 0 0 0 0 0 0 0 0 0 0 0 3 3 0 0 6 9 4 6 12 9 0 0 4 3 0 2 1 4 1 8 5 9 14 7 
 
 
Option 2 -Conservative lifecycle profile crosstab for the number of parts to be replaced per year 
Total Part 16-17 17-18 18-19 19-20 20-21 21-22 22-23 23-24 24-25 25-26 26-27 27-28 28-29 29-30 30-31 31-32 32-33 33-34 34-35 35-36 36-37 37-38 38-39 39-40 40-41 41-42 42-43 43-44 44-45 45-46 46-47 47-48 48-49 49-50 50-51 51-52 52-53 
113 
Cooling 
Coils 
0 0 0 0 0 0 0 1 1 3 0 7 2 6 0 1 1 4 5 1 2 6 5 8 2 7 1 9 3 9 3 1 0 6 4 11 4 
51 Frost Coils 0 0 0 0 0 0 0 2 1 0 0 6 1 1 0 0 0 0 2 0 1 1 2 5 2 2 0 7 1 6 2 0 0 2 1 5 1 
154 
Heating 
Coils 
0 0 0 0 0 0 0 2 11 6 0 6 1 3 0 2 2 8 8 2 1 13 4 9 2 8 0 11 5 12 4 2 2 9 6 12 3 
230 
Run 
Around 
Coils 
0 0 0 0 0 3 3 2 6 9 2 12 7 2 4 2 6 9 7 4 5 12 6 16 8 13 5 12 6 12 5 4 8 6 19 7 8 
165 
Control 
Panels 
0 0 0 0 0 3 3 5 6 5 4 10 3 1 0 0 1 2 3 4 3 10 12 14 4 7 12 6 3 3 5 7 3 6 9 5 6 
142 
Supply 
Fans 
0 0 0 0 0 0 1 3 5 9 0 6 1 7 0 1 4 8 3 5 1 7 3 5 4 6 6 8 7 8 4 4 2 4 7 11 2 
126 
Extract 
Fans 
0 0 0 0 0 3 2 1 0 0 3 9 8 0 3 2 1 1 2 2 4 8 3 11 8 12 3 6 0 2 6 0 7 4 5 7 3 
0 
Flatbank 
Filters 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
403 
Other 
Filters 
10 14 10 10 10 14 10 8 10 11 13 7 13 11 13 7 13 11 11 10 10 14 10 10 10 14 10 10 10 12 13 7 13 11 13 7 13 
0 
Polyseal 
Filters 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
80 
Humidifie
rs 
0 0 4 2 5 0 0 2 2 0 0 0 0 6 5 4 0 0 5 2 3 2 1 4 4 2 0 3 1 4 1 2 3 5 4 2 2 
202 Invertors 0 0 0 0 0 0 0 0 0 4 5 2 6 13 4 2 12 5 7 8 4 2 8 4 2 11 14 5 15 6 8 12 13 12 3 12 3 
335 Motors 0 0 0 0 0 4 5 5 4 17 4 26 7 7 5 1 3 9 5 18 9 10 9 20 9 20 13 23 13 13 10 19 6 17 5 10 9 
192 
Shut off 
Dampers 
0 0 0 0 0 2 1 3 5 8 2 15 5 3 1 2 3 1 4 12 6 4 13 5 11 6 14 7 11 9 11 4 2 6 3 1 12 
110 Silencers 0 0 0 0 0 0 0 0 0 0 0 0 0 3 3 0 0 6 9 4 6 12 9 0 0 4 0 3 2 3 2 1 8 5 14 9 7 
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Option 3 -Balanced lifecycle profile crosstab for the number of parts to be replaced per year 
Total Part 16-17 17-18 18-19 19-20 20-21 21-22 22-23 23-24 24-25 25-26 26-27 27-28 28-29 29-30 30-31 31-32 32-33 33-34 34-35 35-36 36-37 37-38 38-39 39-40 40-41 41-42 42-43 43-44 44-45 45-46 46-47 47-48 48-49 49-50 50-51 51-52 52-53 
86 
Cooling 
Coils 
0 0 0 0 0 0 0 1 1 3 0 7 2 6 0 0 0 0 2 3 3 4 2 6 3 7 5 3 4 7 8 3 1 2 0 2 1 
42 Frost Coils 0 0 0 0 0 0 0 2 1 0 0 6 1 1 0 0 0 0 0 0 0 2 1 1 2 4 4 1 3 5 4 2 0 0 0 2 0 
120 
Heating 
Coils 
0 0 0 0 0 0 0 2 11 6 0 6 1 3 0 0 0 0 2 2 10 8 3 11 4 4 4 1 5 11 6 8 2 4 2 2 2 
179 
Run 
Around 
Coils 
0 0 0 0 0 3 3 2 6 9 2 12 4 2 1 2 1 4 2 5 10 8 8 9 4 9 13 4 8 11 9 11 3 3 3 5 3 
167 
Control 
Panels 
0 0 0 0 0 3 3 5 6 5 4 10 3 1 0 0 0 1 5 4 3 9 21 7 4 13 10 4 4 1 7 1 4 3 7 12 7 
114 
Supply 
Fans 
0 0 0 0 0 0 1 3 5 9 0 6 1 7 0 0 0 0 2 3 10 6 2 6 3 4 4 1 7 7 9 10 1 3 1 2 1 
103 
Extract 
Fans 
0 0 0 0 0 3 2 1 0 0 3 9 5 0 1 2 1 4 1 1 2 1 8 5 2 7 17 5 6 3 0 2 1 0 5 4 2 
0 
Flatbank 
Filters 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
470 
Other 
Filters 
13 8 14 14 13 11 14 13 11 10 14 11 13 14 14 14 13 11 13 13 13 14 11 14 13 11 14 14 13 13 13 14 13 8 14 14 13 
0 
Polyseal 
Filters 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
93 
Humidifie
rs 
0 0 4 2 5 0 0 2 2 0 0 4 3 7 1 0 7 5 0 0 0 4 9 2 0 4 3 5 0 0 4 8 3 0 0 7 2 
181 Invertors 0 0 0 0 0 0 0 0 0 4 5 2 6 13 4 2 12 5 7 6 0 2 6 4 0 1 7 1 10 4 25 10 9 15 4 14 3 
307 Motors 0 0 0 0 0 4 5 5 4 17 4 26 7 5 2 0 5 0 4 3 11 19 15 10 15 12 23 11 12 12 14 11 15 10 15 4 7 
178 
Shut off 
Dampers 
0 0 0 0 0 2 1 3 5 8 2 15 5 3 0 0 1 2 3 2 6 12 11 8 4 16 12 3 11 7 6 5 3 8 6 3 5 
70 Silencers 0 0 0 0 0 0 0 0 0 0 0 0 0 3 3 0 0 6 9 4 6 12 9 0 0 3 0 0 2 0 1 3 0 1 3 2 3 
 
 Option 4 -Optimistic lifecycle profile crosstab for the number of parts to be replaced per year 
Total Part 16-17 17-18 18-19 19-20 20-21 21-22 22-23 23-24 24-25 25-26 26-27 27-28 28-29 29-30 30-31 31-32 32-33 33-34 34-35 35-36 36-37 37-38 38-39 39-40 40-41 41-42 42-43 43-44 44-45 45-46 46-47 47-48 48-49 49-50 50-51 51-52 52-53 
81 
Cooling 
Coils 
0 0 0 0 0 0 0 1 1 3 0 7 2 6 0 0 0 0 2 0 3 1 3 2 1 1 5 10 3 4 3 4 0 9 3 7 0 
40 Frost Coils 0 0 0 0 0 0 0 2 1 0 0 6 1 1 0 0 0 0 0 0 0 0 0 2 0 1 0 5 3 2 1 1 0 7 1 6 0 
112 
Heating 
Coils 
0 0 0 0 0 0 0 2 11 6 0 6 1 3 0 0 0 0 2 2 6 2 6 2 2 1 6 11 6 3 3 6 1 10 4 10 0 
168 
Run 
Around 
Coils 
0 0 0 0 0 3 3 2 6 9 2 12 4 2 1 2 0 1 4 4 10 2 4 6 3 5 9 10 5 8 9 6 8 11 4 13 0 
131 
Control 
Panels 
0 0 0 0 0 3 3 5 6 5 4 10 3 1 0 0 0 0 1 2 1 4 2 7 8 7 4 4 6 9 8 6 6 6 3 3 4 
109 
Supply 
Fans 
0 0 0 0 0 0 1 3 5 9 0 6 1 7 0 0 0 0 1 3 8 2 4 2 1 1 4 6 6 4 2 8 1 9 6 9 0 
93 
Extract 
Fans 
0 0 0 0 0 3 2 1 0 0 3 9 5 0 1 2 0 2 3 0 1 1 2 5 3 5 5 4 5 8 10 4 4 1 1 3 0 
0 
Flatbank 
Filters 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
427 
Other 
Filters 
6 12 14 14 9 11 14 13 8 13 11 9 14 14 14 5 13 13 14 9 11 14 9 13 10 13 9 14 14 11 5 14 13 8 11 14 14 
0 
Polyseal 
Filters 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
65 
Humidifie
rs 
0 0 4 2 5 0 0 2 2 0 0 0 0 0 2 5 4 2 2 0 4 1 2 2 4 1 3 1 3 2 0 0 2 1 5 2 2 
143 Invertors 0 0 0 0 0 0 0 0 0 4 5 2 6 13 4 2 12 5 7 6 0 2 4 2 4 0 1 5 7 2 18 6 2 9 9 1 5 
257 Motors 0 0 0 0 0 4 5 5 4 17 4 26 7 5 0 0 4 3 0 1 5 9 18 5 8 3 6 6 7 4 16 20 14 8 16 12 15 
163 
Shut off 
Dampers 
0 0 0 0 0 2 1 3 5 8 2 15 5 3 0 0 0 1 1 2 5 3 8 6 5 2 3 6 8 12 6 10 6 8 9 8 10 
68 Silencers 0 0 0 0 0 0 0 0 0 0 0 0 0 3 3 0 0 6 9 4 6 12 9 0 0 3 0 0 2 0 1 0 3 0 1 2 4 
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Appendix 20. Crosstab Cost Table of in year Lifecycle Costs  
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Option 1 -Recommended lifecycle costing crosstab for air-handling units 
Total Part 16-17 17-18 18-19 19-20 20-21 21-22 22-23 23-24 24-25 25-26 26-27 27-28 28-29 29-30 30-31 31-32 32-33 33-34 34-35 35-36 36-37 37-38 38-39 39-40 40-41 41-42 42-43 43-44 44-45 45-46 46-47 47-48 48-49 49-50 50-51 51-52 52-53 
 £             
397,496  
Cooling 
Coils 
£                
- 
£                
- 
£                
- 
£                
- 
£                
- 
£                
- 
£                
- 
£         
4,730 
£         
4,735 
£      
14,217 
£                
- 
£      
33,241 
£         
9,508 
£      
28,559 
£                
- 
£         
4,772 
£         
4,780 
£      
19,149 
£      
23,978 
£         
4,805 
£         
9,629 
£      
28,951 
£      
24,185 
£      
38,800 
£         
9,729 
£      
34,165 
£         
4,899 
£      
44,274 
£      
14,828 
£      
44,726 
£      
15,002 
£         
5,037 
£                
- 
£      
30,791 
£      
20,781 
£      
58,021 
£      
21,504 
 £             
125,479  
Frost 
Coils 
£                
- 
£                
- 
£                
- 
£                
- 
£                
- 
£                
- 
£                
- 
£         
5,767 
£         
2,886 
£                
- 
£                
- 
£      
17,367 
£         
2,898 
£         
2,901 
£                
- 
£                
- 
£                
- 
£                
- 
£         
5,846 
£                
- 
£         
2,935 
£         
2,941 
£         
5,897 
£      
14,781 
£         
5,930 
£         
5,950 
£                
- 
£      
20,990 
£         
3,013 
£      
18,175 
£         
6,096 
£                
- 
£                
- 
£         
6,256 
£         
3,167 
£      
16,075 
£         
3,277 
 £             
753,969  
Heating 
Coils 
£                
- 
£                
- 
£                
- 
£                
- 
£                
- 
£                
- 
£                
- 
£      
13,608 
£      
74,910 
£      
40,898 
£                
- 
£      
40,982 
£         
6,838 
£      
20,539 
£                
- 
£      
13,729 
£      
13,750 
£      
55,086 
£      
55,182 
£      
13,821 
£         
6,925 
£      
90,224 
£      
27,829 
£      
62,786 
£      
13,994 
£      
56,162 
£                
- 
£      
77,835 
£      
35,547 
£      
85,776 
£      
28,771 
£      
14,490 
£      
14,614 
£      
66,434 
£      
44,837 
£      
91,042 
£      
23,198 
 £             
365,245  
Run 
Around 
Coils 
£                
- 
£                
- 
£                
- 
£                
- 
£                
- 
£         
6,350 
£         
6,355 
£         
4,240 
£      
12,731 
£      
19,115 
£         
4,252 
£      
25,539 
£      
14,914 
£         
4,266 
£         
8,544 
£         
4,278 
£      
12,852 
£      
19,309 
£      
15,044 
£         
8,613 
£      
10,788 
£      
25,950 
£      
13,007 
£      
34,778 
£      
17,441 
£      
28,436 
£      
10,978 
£      
26,457 
£      
13,291 
£      
26,726 
£      
11,206 
£         
9,030 
£      
18,214 
£      
13,800 
£      
44,240 
£      
16,547 
£      
19,275 
 £             
496,059  
Control 
Panels 
£                
- 
£                
- 
£                
- 
£                
- 
£                
- 
£         
9,960 
£         
9,968 
£      
16,626 
£      
19,969 
£      
16,657 
£      
13,338 
£      
33,381 
£      
10,026 
£         
3,346 
£                
- 
£                
- 
£         
3,360 
£         
6,730 
£      
10,113 
£      
13,510 
£      
10,153 
£      
33,919 
£      
40,803 
£      
47,732 
£      
13,678 
£      
24,017 
£      
41,325 
£      
20,749 
£      
10,424 
£      
10,480 
£      
17,576 
£      
24,785 
£      
10,713 
£      
21,645 
£      
32,869 
£      
18,539 
£      
22,675 
 £             
195,214  
Supply 
Fans 
£                
- 
£                
- 
£                
- 
£                
- 
£                
- 
£                
- 
£         
1,724 
£         
5,176 
£         
8,635 
£      
15,557 
£                
- 
£      
10,393 
£         
1,734 
£      
12,153 
£                
- 
£         
1,741 
£         
6,974 
£      
13,970 
£         
5,248 
£         
8,763 
£         
1,756 
£      
12,320 
£         
5,293 
£         
8,846 
£         
7,098 
£      
10,682 
£      
10,722 
£      
14,355 
£      
12,621 
£      
14,502 
£         
7,296 
£         
7,349 
£         
3,706 
£         
7,488 
£      
13,266 
£      
21,164 
£         
3,922 
 £             
171,182  
Extract 
Fans 
£                
- 
£                
- 
£                
- 
£                
- 
£                
- 
£         
5,168 
£         
3,448 
£         
1,725 
£                
- 
£                
- 
£         
5,191 
£      
15,589 
£      
13,873 
£                
- 
£         
5,215 
£         
3,482 
£         
1,743 
£         
1,746 
£         
3,498 
£         
3,505 
£         
7,024 
£      
14,080 
£         
5,293 
£      
19,460 
£      
14,195 
£      
21,364 
£         
5,361 
£      
10,767 
£                
- 
£         
3,625 
£      
10,944 
£                
- 
£      
12,971 
£         
7,488 
£         
9,475 
£      
13,468 
£         
5,883 
 £                         
-  
Flatbank 
Filters 
£                
- 
£                
- 
£                
- 
£                
- 
£                
- 
£                
- 
£                
- 
£                
- 
£                
- 
£                
- 
£                
- 
£                
- 
£                
- 
£                
- 
£                
- 
£                
- 
£                
- 
£                
- 
£                
- 
£                
- 
£                
- 
£                
- 
£                
- 
£                
- 
£                
- 
£                
- 
£                
- 
£                
- 
£                
- 
£                
- 
£                
- 
£                
- 
£                
- 
£                
- 
£                
- 
£                
- 
£                
- 
 £             
400,021  
Other 
Filters 
£         
8,805 
£      
12,334 
£         
8,816 
£         
8,822 
£         
8,828 
£      
12,368 
£         
8,841 
£         
7,079 
£         
8,857 
£         
9,751 
£      
11,536 
£         
6,218 
£      
11,561 
£         
9,794 
£      
11,590 
£         
6,249 
£      
11,623 
£         
9,851 
£         
9,868 
£         
8,988 
£         
9,006 
£      
12,637 
£         
9,048 
£         
9,073 
£         
9,100 
£      
12,782 
£         
9,164 
£         
9,202 
£         
9,246 
£      
11,155 
£      
12,161 
£         
6,596 
£      
12,354 
£      
10,560 
£      
12,634 
£         
6,907 
£      
13,074 
 £                         
-  
Polyseal 
Filters 
£                
- 
£                
- 
£                
- 
£                
- 
£                
- 
£                
- 
£                
- 
£                
- 
£                
- 
£                
- 
£                
- 
£                
- 
£                
- 
£                
- 
£                
- 
£                
- 
£                
- 
£                
- 
£                
- 
£                
- 
£                
- 
£                
- 
£                
- 
£                
- 
£                
- 
£                
- 
£                
- 
£                
- 
£                
- 
£                
- 
£                
- 
£                
- 
£                
- 
£                
- 
£                
- 
£                
- 
£                
- 
 £             
385,795  
Humidifie
rs 
£                
- 
£                
- 
£      
21,671 
£      
10,843 
£      
27,126 
£                
- 
£                
- 
£      
10,876 
£      
10,886 
£                
- 
£                
- 
£                
- 
£                
- 
£      
32,831 
£      
27,394 
£      
21,946 
£                
- 
£                
- 
£      
27,565 
£      
11,047 
£      
16,604 
£      
11,094 
£         
5,561 
£      
22,303 
£      
22,369 
£      
11,222 
£                
- 
£      
16,966 
£         
5,682 
£      
22,852 
£         
5,749 
£      
11,581 
£      
17,520 
£      
29,498 
£      
23,890 
£      
12,127 
£      
12,361 
 £             
573,912  
Invertors 
£                
- 
£                
- 
£                
- 
£                
- 
£                
- 
£                
- 
£                
- 
£                
- 
£                
- 
£      
12,306 
£      
15,397 
£         
6,165 
£      
18,517 
£      
40,169 
£      
12,376 
£         
6,196 
£      
37,233 
£      
15,539 
£      
21,792 
£      
24,952 
£      
12,501 
£         
6,265 
£      
25,120 
£      
12,594 
£         
6,316 
£      
34,853 
£      
44,523 
£      
15,968 
£      
48,130 
£      
19,356 
£      
25,970 
£      
39,238 
£      
42,871 
£      
39,978 
£      
10,118 
£      
41,090 
£      
10,470 
 £             
447,295  
Motors 
£                
- 
£                
- 
£                
- 
£                
- 
£                
- 
£         
6,372 
£         
7,972 
£         
7,978 
£         
6,388 
£      
27,176 
£         
6,401 
£      
41,648 
£      
11,226 
£      
11,239 
£         
8,038 
£         
1,610 
£         
4,837 
£      
14,534 
£         
8,088 
£      
29,172 
£      
14,616 
£      
16,276 
£      
14,685 
£      
32,721 
£      
14,768 
£      
32,928 
£      
21,483 
£      
38,167 
£      
21,675 
£      
21,793 
£      
16,868 
£      
32,282 
£      
10,282 
£      
29,429 
£         
8,763 
£      
17,793 
£      
16,321 
 £             
359,058  
Shut off 
Dampers 
£                
- 
£                
- 
£                
- 
£                
- 
£                
- 
£         
4,062 
£         
2,033 
£         
6,104 
£      
10,182 
£      
16,306 
£         
4,080 
£      
30,636 
£      
10,223 
£         
6,141 
£         
2,050 
£         
4,105 
£         
6,167 
£         
2,059 
£         
8,250 
£      
24,797 
£      
12,424 
£         
8,301 
£      
27,045 
£      
10,430 
£      
23,014 
£      
12,595 
£      
29,498 
£      
14,811 
£      
23,384 
£      
19,236 
£      
23,658 
£         
8,665 
£         
4,370 
£      
13,243 
£         
6,703 
£         
2,269 
£      
27,747 
 £               
32,737  
Silencers 
£                
- 
£                
- 
£                
- 
£                
- 
£                
- 
£                
- 
£                
- 
£                
- 
£                
- 
£                
- 
£                
- 
£                
- 
£                
- 
£            
852 
£            
853 
£                
- 
£                
- 
£         
1,714 
£         
2,575 
£         
1,147 
£         
1,724 
£         
3,455 
£         
2,598 
£                
- 
£                
- 
£         
1,165 
£                
- 
£            
881 
£            
590 
£            
890 
£            
597 
£            
301 
£         
2,425 
£         
1,531 
£         
4,340 
£         
2,833 
£         
2,245 
  
Option 2 -Conservative lifecycle costing crosstab for air-handling units 
Total Part 16-17 17-18 18-19 19-20 20-21 21-22 22-23 23-24 24-25 25-26 26-27 27-28 28-29 29-30 30-31 31-32 32-33 33-34 34-35 35-36 36-37 37-38 38-39 39-40 40-41 41-42 42-43 43-44 44-45 45-46 46-47 47-48 48-49 49-50 50-51 51-52 52-53 
 £             
557,795  
Cooling 
Coils 
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £         
4,730  
 £         
4,735  
 £      
14,217  
 £                
-   
 £      
33,241  
 £         
9,508  
 £      
28,559  
 £                
-   
 £         
4,772  
 £         
4,780  
 £      
19,149  
 £      
23,978  
 £         
4,805  
 £         
9,629  
 £      
28,951  
 £      
24,185  
 £      
38,800  
 £         
9,729  
 £      
34,165  
 £         
4,899  
 £      
44,274  
 £      
14,828  
 £      
44,726  
 £      
15,002  
 £         
5,037  
 £                
-   
 £      
30,791  
 £      
20,781  
 £      
58,021  
 £      
21,504  
 £             
153,147  
Frost Coils  £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £         
5,767  
 £         
2,886  
 £                
-   
 £                
-   
 £      
17,367  
 £         
2,898  
 £         
2,901  
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £         
5,846  
 £                
-   
 £         
2,935  
 £         
2,941  
 £         
5,897  
 £      
14,781  
 £         
5,930  
 £         
5,950  
 £                
-   
 £      
20,990  
 £         
3,013  
 £      
18,175  
 £         
6,096  
 £                
-   
 £                
-   
 £         
6,256  
 £         
3,167  
 £      
16,075  
 £         
3,277  
 £         
1,089,809  
Heating 
Coils 
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £      
13,608  
 £      
74,910  
 £      
40,898  
 £                
-   
 £      
40,982  
 £         
6,838  
 £      
20,539  
 £                
-   
 £      
13,729  
 £      
13,750  
 £      
55,086  
 £      
55,182  
 £      
13,821  
 £         
6,925  
 £      
90,224  
 £      
27,829  
 £      
62,786  
 £      
13,994  
 £      
56,162  
 £                
-   
 £      
77,835  
 £      
35,547  
 £      
85,776  
 £      
28,771  
 £      
14,490  
 £      
14,614  
 £      
66,434  
 £      
44,837  
 £      
91,042  
 £      
23,198  
 £             
506,566  
Run 
Around 
Coils 
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £         
6,350  
 £         
6,355  
 £         
4,240  
 £      
12,731  
 £      
19,115  
 £         
4,252  
 £      
25,539  
 £      
14,914  
 £         
4,266  
 £         
8,544  
 £         
4,278  
 £      
12,852  
 £      
19,309  
 £      
15,044  
 £         
8,613  
 £      
10,788  
 £      
25,950  
 £      
13,007  
 £      
34,778  
 £      
17,441  
 £      
28,436  
 £      
10,978  
 £      
26,457  
 £      
13,291  
 £      
26,726  
 £      
11,206  
 £         
9,030  
 £      
18,214  
 £      
13,800  
 £      
44,240  
 £      
16,547  
 £      
19,275  
 £             
569,065  
Control 
Panels 
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £         
9,960  
 £         
9,968  
 £      
16,626  
 £      
19,969  
 £      
16,657  
 £      
13,338  
 £      
33,381  
 £      
10,026  
 £         
3,346  
 £                
-   
 £                
-   
 £         
3,360  
 £         
6,730  
 £      
10,113  
 £      
13,510  
 £      
10,153  
 £      
33,919  
 £      
40,803  
 £      
47,732  
 £      
13,678  
 £      
24,017  
 £      
41,325  
 £      
20,749  
 £      
10,424  
 £      
10,480  
 £      
17,576  
 £      
24,785  
 £      
10,713  
 £      
21,645  
 £      
32,869  
 £      
18,539  
 £      
22,675  
 £             
254,452  
Supply 
Fans 
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £         
1,724  
 £         
5,176  
 £         
8,635  
 £      
15,557  
 £                
-   
 £      
10,393  
 £         
1,734  
 £      
12,153  
 £                
-   
 £         
1,741  
 £         
6,974  
 £      
13,970  
 £         
5,248  
 £         
8,763  
 £         
1,756  
 £      
12,320  
 £         
5,293  
 £         
8,846  
 £         
7,098  
 £      
10,682  
 £      
10,722  
 £      
14,355  
 £      
12,621  
 £      
14,502  
 £         
7,296  
 £         
7,349  
 £         
3,706  
 £         
7,488  
 £      
13,266  
 £      
21,164  
 £         
3,922  
 £             
225,584  
Extract 
Fans 
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £         
5,168  
 £         
3,448  
 £         
1,725  
 £                
-   
 £                
-   
 £         
5,191  
 £      
15,589  
 £      
13,873  
 £                
-   
 £         
5,215  
 £         
3,482  
 £         
1,743  
 £         
1,746  
 £         
3,498  
 £         
3,505  
 £         
7,024  
 £      
14,080  
 £         
5,293  
 £      
19,460  
 £      
14,195  
 £      
21,364  
 £         
5,361  
 £      
10,767  
 £                
-   
 £         
3,625  
 £      
10,944  
 £                
-   
 £      
12,971  
 £         
7,488  
 £         
9,475  
 £      
13,468  
 £         
5,883  
 £                         
-   
Flatbank 
Filters 
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £             
366,477  
Other 
Filters 
 £         
8,805  
 £      
12,334  
 £         
8,816  
 £         
8,822  
 £         
8,828  
 £      
12,368  
 £         
8,841  
 £         
7,079  
 £         
8,857  
 £         
9,751  
 £      
11,536  
 £         
6,218  
 £      
11,561  
 £         
9,794  
 £      
11,590  
 £         
6,249  
 £      
11,623  
 £         
9,851  
 £         
9,868  
 £         
8,988  
 £         
9,006  
 £      
12,637  
 £         
9,048  
 £         
9,073  
 £         
9,100  
 £      
12,782  
 £         
9,164  
 £         
9,202  
 £         
9,246  
 £      
11,155  
 £      
12,161  
 £         
6,596  
 £      
12,354  
 £      
10,560  
 £      
12,634  
 £         
6,907  
 £      
13,074  
 £                         
-   
Polyseal 
Filters 
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £             
449,564  
Humidifie
rs 
 £                
-   
 £                
-   
 £      
21,671  
 £      
10,843  
 £      
27,126  
 £                
-   
 £                
-   
 £      
10,876  
 £      
10,886  
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £      
32,831  
 £      
27,394  
 £      
21,946  
 £                
-   
 £                
-   
 £      
27,565  
 £      
11,047  
 £      
16,604  
 £      
11,094  
 £         
5,561  
 £      
22,303  
 £      
22,369  
 £      
11,222  
 £                
-   
 £      
16,966  
 £         
5,682  
 £      
22,852  
 £         
5,749  
 £      
11,581  
 £      
17,520  
 £      
29,498  
 £      
23,890  
 £      
12,127  
 £      
12,361  
 £             
646,002  
Invertors  £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £      
12,306  
 £      
15,397  
 £         
6,165  
 £      
18,517  
 £      
40,169  
 £      
12,376  
 £         
6,196  
 £      
37,233  
 £      
15,539  
 £      
21,792  
 £      
24,952  
 £      
12,501  
 £         
6,265  
 £      
25,120  
 £      
12,594  
 £         
6,316  
 £      
34,853  
 £      
44,523  
 £      
15,968  
 £      
48,130  
 £      
19,356  
 £      
25,970  
 £      
39,238  
 £      
42,871  
 £      
39,978  
 £      
10,118  
 £      
41,090  
 £      
10,470  
 £             
553,529  
Motors  £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £         
6,372  
 £         
7,972  
 £         
7,978  
 £         
6,388  
 £      
27,176  
 £         
6,401  
 £      
41,648  
 £      
11,226  
 £      
11,239  
 £         
8,038  
 £         
1,610  
 £         
4,837  
 £      
14,534  
 £         
8,088  
 £      
29,172  
 £      
14,616  
 £      
16,276  
 £      
14,685  
 £      
32,721  
 £      
14,768  
 £      
32,928  
 £      
21,483  
 £      
38,167  
 £      
21,675  
 £      
21,793  
 £      
16,868  
 £      
32,282  
 £      
10,282  
 £      
29,429  
 £         
8,763  
 £      
17,793  
 £      
16,321  
 £             
404,589  
Shut off 
Dampers 
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £         
4,062  
 £         
2,033  
 £         
6,104  
 £      
10,182  
 £      
16,306  
 £         
4,080  
 £      
30,636  
 £      
10,223  
 £         
6,141  
 £         
2,050  
 £         
4,105  
 £         
6,167  
 £         
2,059  
 £         
8,250  
 £      
24,797  
 £      
12,424  
 £         
8,301  
 £      
27,045  
 £      
10,430  
 £      
23,014  
 £      
12,595  
 £      
29,498  
 £      
14,811  
 £      
23,384  
 £      
19,236  
 £      
23,658  
 £         
8,665  
 £         
4,370  
 £      
13,243  
 £         
6,703  
 £         
2,269  
 £      
27,747  
 £               
32,714  
Silencers  £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £            
852  
 £            
853  
 £                
-   
 £                
-   
 £         
1,714  
 £         
2,575  
 £         
1,147  
 £         
1,724  
 £         
3,455  
 £         
2,598  
 £                
-   
 £                
-   
 £         
1,165  
 £                
-   
 £            
881  
 £            
590  
 £            
890  
 £            
597  
 £            
301  
 £         
2,425  
 £         
1,531  
 £         
4,340  
 £         
2,833  
 £         
2,245  
Appendices 
250 
 
Option 3 -Balanced lifecycle costing crosstab for air-handling units 
Total Part 16-17 17-18 18-19 19-20 20-21 21-22 22-23 23-24 24-25 25-26 26-27 27-28 28-29 29-30 30-31 31-32 32-33 33-34 34-35 35-36 36-37 37-38 38-39 39-40 40-41 41-42 42-43 43-44 44-45 45-46 46-47 47-48 48-49 49-50 50-51 51-52 52-53 
 £             
420,465  
Cooling 
Coils 
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £         
4,730  
 £         
4,735  
 £      
14,217  
 £                
-   
 £      
33,241  
 £         
9,508  
 £      
28,559  
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £         
9,591  
 £      
14,414  
 £      
14,443  
 £      
19,301  
 £         
9,674  
 £      
29,100  
 £      
14,594  
 £      
34,165  
 £      
24,494  
 £      
14,758  
 £      
19,771  
 £      
34,787  
 £      
40,004  
 £      
15,111  
 £         
5,080  
 £      
10,264  
 £                
-   
 £      
10,549  
 £         
5,376  
 £             
125,325  Frost Coils 
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £         
5,767  
 £         
2,886  
 £                
-   
 £                
-   
 £      
17,367  
 £         
2,898  
 £         
2,901  
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £         
5,882  
 £         
2,948  
 £         
2,956  
 £         
5,930  
 £      
11,900  
 £      
11,944  
 £         
2,999  
 £         
9,038  
 £      
15,146  
 £      
12,192  
 £         
6,140  
 £                
-   
 £                
-   
 £                
-   
 £         
6,430  
 £                
-   
 £             
844,121  
Heating 
Coils 
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £      
13,608  
 £      
74,910  
 £      
40,898  
 £                
-   
 £      
40,982  
 £         
6,838  
 £      
20,539  
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £      
13,795  
 £      
13,821  
 £      
69,249  
 £      
55,523  
 £      
20,872  
 £      
76,738  
 £      
27,988  
 £      
28,081  
 £      
28,186  
 £         
7,076  
 £      
35,547  
 £      
78,628  
 £      
43,156  
 £      
57,959  
 £      
14,614  
 £      
29,526  
 £      
14,946  
 £      
15,174  
 £      
15,466  
 £             
392,107  
Run 
Around 
Coils 
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £         
6,350  
 £         
6,355  
 £         
4,240  
 £      
12,731  
 £      
19,115  
 £         
4,252  
 £      
25,539  
 £         
8,522  
 £         
4,266  
 £         
2,136  
 £         
4,278  
 £         
2,142  
 £         
8,582  
 £         
4,298  
 £      
10,766  
 £      
21,577  
 £      
17,300  
 £      
17,342  
 £      
19,563  
 £         
8,721  
 £      
19,687  
 £      
28,542  
 £         
8,819  
 £      
17,721  
 £      
24,499  
 £      
20,170  
 £      
24,831  
 £         
6,830  
 £         
6,900  
 £         
6,985  
 £      
11,820  
 £         
7,228  
 £             
576,661  
Control 
Panels 
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £         
9,960  
 £         
9,968  
 £      
16,626  
 £      
19,969  
 £      
16,657  
 £      
13,338  
 £      
33,381  
 £      
10,026  
 £         
3,346  
 £                
-   
 £                
-   
 £                
-   
 £         
3,365  
 £      
16,855  
 £      
13,510  
 £      
10,153  
 £      
30,527  
 £      
71,404  
 £      
23,866  
 £      
13,678  
 £      
44,603  
 £      
34,437  
 £      
13,833  
 £      
13,898  
 £         
3,493  
 £      
24,606  
 £         
3,541  
 £      
14,284  
 £      
10,823  
 £      
25,565  
 £      
44,494  
 £      
26,454  
 £             
203,052  
Supply 
Fans 
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £         
1,724  
 £         
5,176  
 £         
8,635  
 £      
15,557  
 £                
-   
 £      
10,393  
 £         
1,734  
 £      
12,153  
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £         
3,498  
 £         
5,258  
 £      
17,561  
 £      
10,560  
 £         
3,529  
 £      
10,615  
 £         
5,323  
 £         
7,121  
 £         
7,148  
 £         
1,794  
 £      
12,621  
 £      
12,689  
 £      
16,416  
 £      
18,373  
 £         
1,853  
 £         
5,616  
 £         
1,895  
 £         
3,848  
 £         
1,961  
 £             
183,713  
Extract 
Fans 
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £         
5,168  
 £         
3,448  
 £         
1,725  
 £                
-   
 £                
-   
 £         
5,191  
 £      
15,589  
 £         
8,671  
 £                
-   
 £         
1,738  
 £         
3,482  
 £         
1,743  
 £         
6,985  
 £         
1,749  
 £         
1,753  
 £         
3,512  
 £         
1,760  
 £      
14,115  
 £         
8,846  
 £         
3,549  
 £      
12,462  
 £      
30,378  
 £         
8,972  
 £      
10,818  
 £         
5,438  
 £                
-   
 £         
3,675  
 £         
1,853  
 £                
-   
 £         
9,475  
 £         
7,696  
 £         
3,922  
 £                         
-   
Flatbank 
Filters 
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £             
427,460  
Other 
Filters 
 £      
11,446  
 £         
7,048  
 £      
12,342  
 £      
12,350  
 £      
11,476  
 £         
9,718  
 £      
12,378  
 £      
11,504  
 £         
9,742  
 £         
8,865  
 £      
12,423  
 £         
9,771  
 £      
11,561  
 £      
12,465  
 £      
12,481  
 £      
12,499  
 £      
11,623  
 £         
9,851  
 £      
11,662  
 £      
11,684  
 £      
11,708  
 £      
12,637  
 £         
9,953  
 £      
12,702  
 £      
11,830  
 £      
10,043  
 £      
12,830  
 £      
12,883  
 £      
12,020  
 £      
12,085  
 £      
12,161  
 £      
13,191  
 £      
12,354  
 £         
7,680  
 £      
13,606  
 £      
13,814  
 £      
13,074  
 £                         
-   
Polyseal 
Filters 
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £             
522,042  
Humidifie
rs 
 £                
-   
 £                
-   
 £      
21,671  
 £      
10,843  
 £      
27,126  
 £                
-   
 £                
-   
 £      
10,876  
 £      
10,886  
 £                
-   
 £                
-   
 £      
21,837  
 £      
16,396  
 £      
38,303  
 £         
5,479  
 £                
-   
 £      
38,462  
 £      
27,517  
 £                
-   
 £                
-   
 £                
-   
 £      
22,188  
 £      
50,046  
 £      
11,151  
 £                
-   
 £      
22,444  
 £      
16,895  
 £      
28,277  
 £                
-   
 £                
-   
 £      
22,995  
 £      
46,324  
 £      
17,520  
 £                
-   
 £                
-   
 £      
42,446  
 £      
12,361  
 £             
581,122  Invertors 
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £      
12,306  
 £      
15,397  
 £         
6,165  
 £      
18,517  
 £      
40,169  
 £      
12,376  
 £         
6,196  
 £      
37,233  
 £      
15,539  
 £      
21,792  
 £      
18,714  
 £                
-   
 £         
6,265  
 £      
18,840  
 £      
12,594  
 £                
-   
 £         
3,168  
 £      
22,262  
 £         
3,194  
 £      
32,087  
 £      
12,904  
 £      
81,156  
 £      
32,698  
 £      
29,680  
 £      
49,972  
 £      
13,491  
 £      
47,938  
 £      
10,470  
 £             
507,599  Motors 
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £         
6,372  
 £         
7,972  
 £         
7,978  
 £         
6,388  
 £      
27,176  
 £         
6,401  
 £      
41,648  
 £      
11,226  
 £         
8,028  
 £         
3,215  
 £                
-   
 £         
8,061  
 £                
-   
 £         
6,471  
 £         
4,862  
 £      
17,864  
 £      
30,925  
 £      
24,475  
 £      
16,360  
 £      
24,614  
 £      
19,757  
 £      
38,008  
 £      
18,254  
 £      
20,008  
 £      
20,116  
 £      
23,615  
 £      
18,690  
 £      
25,704  
 £      
17,311  
 £      
26,288  
 £         
7,117  
 £      
12,694  
 £             
374,815  
Shut off 
Dampers 
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £         
4,062  
 £         
2,033  
 £         
6,104  
 £      
10,182  
 £      
16,306  
 £         
4,080  
 £      
30,636  
 £      
10,223  
 £         
6,141  
 £                
-   
 £                
-   
 £         
2,056  
 £         
4,118  
 £         
6,188  
 £         
4,133  
 £      
12,424  
 £      
24,903  
 £      
22,884  
 £      
16,688  
 £         
8,369  
 £      
33,587  
 £      
25,284  
 £         
6,347  
 £      
23,384  
 £      
14,962  
 £      
12,904  
 £      
10,832  
 £         
6,555  
 £      
17,658  
 £      
13,407  
 £         
6,806  
 £      
11,561  
 £               
20,409  Silencers 
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £            
852  
 £            
853  
 £                
-   
 £                
-   
 £         
1,714  
 £         
2,575  
 £         
1,147  
 £         
1,724  
 £         
3,455  
 £         
2,598  
 £                
-   
 £                
-   
 £            
874  
 £                
-   
 £                
-   
 £            
590  
 £                
-   
 £            
298  
 £            
902  
 £                
-   
 £            
306  
 £            
930  
 £            
629  
 £            
962  
 
Option 4 -Optimistic lifecycle costing crosstab for air-handling units 
Total Part 16-17 17-18 18-19 19-20 20-21 21-22 22-23 23-24 24-25 25-26 26-27 27-28 28-29 29-30 30-31 31-32 32-33 33-34 34-35 35-36 36-37 37-38 38-39 39-40 40-41 41-42 42-43 43-44 44-45 45-46 46-47 47-48 48-49 49-50 50-51 51-52 52-53 
 £             
400,044  
Cooling 
Coils 
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £         
4,730  
 £         
4,735  
 £      
14,217  
 £                
-   
 £      
33,241  
 £         
9,508  
 £      
28,559  
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £         
9,591  
 £                
-   
 £      
14,443  
 £         
4,825  
 £      
14,511  
 £         
9,700  
 £         
4,865  
 £         
4,881  
 £      
24,494  
 £      
49,194  
 £      
14,828  
 £      
19,878  
 £      
15,002  
 £      
20,148  
 £                
-   
 £      
46,187  
 £      
15,586  
 £      
36,922  
 £                
-   
 £             
121,268  
Frost Coils  £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £         
5,767  
 £         
2,886  
 £                
-   
 £                
-   
 £      
17,367  
 £         
2,898  
 £         
2,901  
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £         
5,913  
 £                
-   
 £         
2,975  
 £                
-   
 £      
14,993  
 £         
9,038  
 £         
6,058  
 £         
3,048  
 £         
3,070  
 £                
-   
 £      
21,897  
 £         
3,167  
 £      
19,290  
 £                
-   
 £             
793,678  
Heating 
Coils 
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £      
13,608  
 £      
74,910  
 £      
40,898  
 £                
-   
 £      
40,982  
 £         
6,838  
 £      
20,539  
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £      
13,795  
 £      
13,821  
 £      
41,549  
 £      
13,881  
 £      
41,744  
 £      
13,952  
 £      
13,994  
 £         
7,020  
 £      
42,278  
 £      
77,835  
 £      
42,657  
 £      
21,444  
 £      
21,578  
 £      
43,470  
 £         
7,307  
 £      
73,815  
 £      
29,891  
 £      
75,869  
 £                
-   
 £             
370,204  
Run 
Around 
Coils 
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £         
6,350  
 £         
6,355  
 £         
4,240  
 £      
12,731  
 £      
19,115  
 £         
4,252  
 £      
25,539  
 £         
8,522  
 £         
4,266  
 £         
2,136  
 £         
4,278  
 £                
-   
 £         
2,145  
 £         
8,597  
 £         
8,613  
 £      
21,577  
 £         
4,325  
 £         
8,671  
 £      
13,042  
 £         
6,540  
 £      
10,937  
 £      
19,760  
 £      
22,047  
 £      
11,076  
 £      
17,818  
 £      
20,170  
 £      
13,544  
 £      
18,214  
 £      
25,299  
 £         
9,314  
 £      
30,731  
 £                
-   
 £             
451,918  
Control 
Panels 
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £         
9,960  
 £         
9,968  
 £      
16,626  
 £      
19,969  
 £      
16,657  
 £      
13,338  
 £      
33,381  
 £      
10,026  
 £         
3,346  
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £         
3,371  
 £         
6,755  
 £         
3,384  
 £      
13,568  
 £         
6,800  
 £      
23,866  
 £      
27,357  
 £      
24,017  
 £      
13,775  
 £      
13,833  
 £      
20,847  
 £      
31,440  
 £      
28,122  
 £      
21,244  
 £      
21,426  
 £      
21,645  
 £      
10,956  
 £      
11,124  
 £      
15,117  
 £             
195,815  
Supply 
Fans 
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £         
1,724  
 £         
5,176  
 £         
8,635  
 £      
15,557  
 £                
-   
 £      
10,393  
 £         
1,734  
 £      
12,153  
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £         
1,749  
 £         
5,258  
 £      
14,049  
 £         
3,520  
 £         
7,057  
 £         
3,538  
 £         
1,774  
 £         
1,780  
 £         
7,148  
 £      
10,767  
 £      
10,818  
 £         
7,251  
 £         
3,648  
 £      
14,698  
 £         
1,853  
 £      
16,847  
 £      
11,370  
 £      
17,316  
 £                
-   
 £             
166,037  
Extract 
Fans 
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £         
5,168  
 £         
3,448  
 £         
1,725  
 £                
-   
 £                
-   
 £         
5,191  
 £      
15,589  
 £         
8,671  
 £                
-   
 £         
1,738  
 £         
3,482  
 £                
-   
 £         
3,492  
 £         
5,248  
 £                
-   
 £         
1,756  
 £         
1,760  
 £         
3,529  
 £         
8,846  
 £         
5,323  
 £         
8,902  
 £         
8,935  
 £         
7,178  
 £         
9,015  
 £      
14,502  
 £      
18,240  
 £         
7,349  
 £         
7,412  
 £         
1,872  
 £         
1,895  
 £         
5,772  
 £                
-   
 £                         
-   
Flatbank 
Filters 
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £             
388,468  
Other 
Filters 
 £         
5,283  
 £      
10,572  
 £      
12,342  
 £      
12,350  
 £         
7,945  
 £         
9,718  
 £      
12,378  
 £      
11,504  
 £         
7,085  
 £      
11,524  
 £         
9,761  
 £         
7,995  
 £      
12,450  
 £      
12,465  
 £      
12,481  
 £         
4,464  
 £      
11,623  
 £      
11,642  
 £      
12,559  
 £         
8,089  
 £         
9,907  
 £      
12,637  
 £         
8,143  
 £      
11,795  
 £         
9,100  
 £      
11,869  
 £         
8,248  
 £      
12,883  
 £      
12,945  
 £      
10,226  
 £         
4,677  
 £      
13,191  
 £      
12,354  
 £         
7,680  
 £      
10,691  
 £      
13,814  
 £      
14,079  
 £                         
-   
Polyseal 
Filters 
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £             
364,696  
Humidifie
rs 
 £                
-   
 £                
-   
 £      
21,671  
 £      
10,843  
 £      
27,126  
 £                
-   
 £                
-   
 £      
10,876  
 £      
10,886  
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £      
10,958  
 £      
27,432  
 £      
21,978  
 £      
11,007  
 £      
11,026  
 £                
-   
 £      
22,139  
 £         
5,547  
 £      
11,121  
 £      
11,151  
 £      
22,369  
 £         
5,611  
 £      
16,895  
 £         
5,655  
 £      
17,047  
 £      
11,426  
 £                
-   
 £                
-   
 £      
11,680  
 £         
5,900  
 £      
29,863  
 £      
12,127  
 £      
12,361  
 £             
456,076  
Invertors  £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £      
12,306  
 £      
15,397  
 £         
6,165  
 £      
18,517  
 £      
40,169  
 £      
12,376  
 £         
6,196  
 £      
37,233  
 £      
15,539  
 £      
21,792  
 £      
18,714  
 £                
-   
 £         
6,265  
 £      
12,560  
 £         
6,297  
 £      
12,632  
 £                
-   
 £         
3,180  
 £      
15,968  
 £      
22,461  
 £         
6,452  
 £      
58,432  
 £      
19,619  
 £         
6,596  
 £      
29,983  
 £      
30,354  
 £         
3,424  
 £      
17,450  
 £             
428,141  
Motors  £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £         
6,372  
 £         
7,972  
 £         
7,978  
 £         
6,388  
 £      
27,176  
 £         
6,401  
 £      
41,648  
 £      
11,226  
 £         
8,028  
 £                
-   
 £                
-   
 £         
6,449  
 £         
4,845  
 £                
-   
 £         
1,621  
 £         
8,120  
 £      
14,649  
 £      
29,369  
 £         
8,180  
 £      
13,128  
 £         
4,939  
 £         
9,915  
 £         
9,957  
 £      
11,671  
 £         
6,705  
 £      
26,989  
 £      
33,982  
 £      
23,991  
 £      
13,849  
 £      
28,040  
 £      
21,351  
 £      
27,202  
 £             
346,806  
Shut off 
Dampers 
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £         
4,062  
 £         
2,033  
 £         
6,104  
 £      
10,182  
 £      
16,306  
 £         
4,080  
 £      
30,636  
 £      
10,223  
 £         
6,141  
 £                
-   
 £                
-   
 £                
-   
 £         
2,059  
 £         
2,063  
 £         
4,133  
 £      
10,353  
 £         
6,226  
 £      
16,643  
 £      
12,516  
 £      
10,461  
 £         
4,198  
 £         
6,321  
 £      
12,695  
 £      
17,007  
 £      
25,648  
 £      
12,904  
 £      
21,664  
 £      
13,109  
 £      
17,658  
 £      
20,110  
 £      
18,149  
 £      
23,122  
 £               
19,811  
Silencers  £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
 £                
-   
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Appendix 21. Palm Video 
See attached CD.
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Appendix 22. HCP Management Board Interview Schedule 
 
Section 1 – Introduction and Board Meeting Review 
 
Greet participant. 
Interviewer reiterates the aim of the research to the interviewee. 
 
1. How did you perceive the video presented on the PALM model at the HCP Board Meeting on 
December 8th 2015? 
 
2. A part of the video illustrated a smoother profile in comparison to the current SAM model 
for the same assets (this is based on replacement of the part rather than the entire AHU). 
Results have shown that there could be more than £1m in surplus budgeted for lifecycle at 
Barts. How would visualising how this lower figure has been achieved via the PALM model 
impact your level of confidence in the lifecycle of air-handling units at Barts? 
 
Section 2 – Stakeholder understanding and future application 
 
3. The model shows what is being proposed to be replaced via an RGB visual, over time. The 
profile is underpinned by real cost data collected across HCP hospitals. So, how do you 
believe the model better informs decision-making at a strategic level? 
 
4. Removing yourself from the current situation at Barts (as we are all aware of the difficult 
times the project faces at current), would similar visual modelling techniques increase 
confidence in your ability to be able to suggest distributions of the surplus lifecycle 
attributed to these assets? 
 
5. What benefits, if any, do you believe modelling complex assets in this way will bring to HCP? 
 
6. Do you think there is a need for such visualisation techniques to advance the field of lifecycle 
costing and management? If so, why? 
 
7. Do you feel that the model helps to increase clarity to the process of lifecycle? If so, which 
stakeholders do you believe could benefit from such a tool? 
 
8. In terms of winning work and displaying our skill set as a business, do you believe that this 
tool could be used as part of a business proposition for HCP going forwards?  
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Appendix 27. Interview Transcripts 
HCP Management Board Interview Transcripts 
 
The table below outlines the details of the interviewees. For each interview an assigned code is used 
to differentiate between the interviews. 
 
Interview number Job Title Experience 
I01 Regional Director South (RDS) 26 years 
I02 Business Development Director (BDD) 15 years 
I03 Chief Executive Officer (CEO) 32 years 
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Interview 01 Transcript 
 
 
 
5 
IN: How did you perceive the video presented on the PALM model at the HCP Board 
Meeting on December 8th 2015? 
I01: It took me a while to understand what was trying to be delivered initially. Although 
having reflected on it I do wonder whether it’s an age thing more than anything else. I think 
the visualisation aspect and doing things in 3D is something that may appeal to the younger  
10 
generation but I am struggling with it I have to say. There’s a generational gap with this sort 
of thing I think, although that’s my opinion. I spoke with my son about your work and he 
completely understood how it would work. 
IN: A part of the video illustrated a smoother profile in comparison to the current SAM 
model for the same assets (this is based on replacement of the part rather than the entire  
15 
AHU). Results have shown that there could be more than £1m in surplus budgeted for 
lifecycle at Barts. How would visualising how this lower figure has been achieved via the 
PALM model impact your level of confidence in the lifecycle of air-handling units at Barts? 
I01: Erm, that’s something I can get my head around. For someone from a non-technical 
background like me I can walk into a plant room and see a big box that’s an air-handling  
20 
unit. What goes on behind that is an absolute dark art to me. All the component bits. So I 
think the visualisation that you suggested around here’s a big box but here’s a motor, here’s 
whatever, that does have resonance with me and I can see that yes, there’s component parts 
here that do make up the sum. Whereas in my quiet little world an air-handling unit has a 20-
year life or whatever and after 20 years the whole lot gets stripped out and  
25 
replaced. In reality I can picture that now as well no actually that motor’s 5 years, those fans 
are 12 years and what-have-you and it’s a bit like the broom example isn’t it. I’ve had this 
broom for 20 years and it’s had 10 handles and 5 heads. I can see now on that micro scale on 
something big and complex that visual aspect does work for me. 
IN: The model shows what is being proposed to be replaced via an RGB visual over time.  
30 
The profile is underpinned by real cost data collected across HCP hospitals. So, how do you 
believe the model better informs decision-making at a strategic level? 
I01: Erm, the model itself brings currently what’s done in disparate parts together to one 
point and what I mean by that is that if you look at lots of different elements that need to be 
replaced over time there must be a point where if you keep replacing the component  
35 
parts you begin to ask whether you should carry on patching this up or should you just go out 
and buy a new one. I think the model you’re starting to bring together shows a lot of that 
information in a cohesive way rather than what we’ve got at the moment which is very 
experienced people out there that know intuitively but if you ask them to evidence it, it would 
be quite difficult. I can start to see how decision-making can be made on fact rather  
40 
than gut feel.  
IN: Removing yourself from the current situation at Barts (as we are all aware of the difficult 
times the project faces at current), would similar visual modelling techniques increase 
confidence in your ability to be able to suggest distributions of the surplus lifecycle 
attributed to these assets? 
45 
I01: Erm, oh I be lying to say yes to that in isolation. I think the world we are moving into is 
much more based around evidence, and giving boards comfort that the evidence is there to 
take money out and the more we can add to that evidence base the better. I think 
notwithstanding the fact that I may be unique, I doubt it, I suspect that there would be a 
number of board directors that would look at the visualisation element and say ‘not for me,  
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50 
don’t understand it’ give me the raw maths. There will be other people, dare I say it slightly 
younger, that will say ‘yeah, d’you know what, this is something that actually helps to build 
that argument. I think in isolation, no. As a block in a set of evidence yes, absolutely. 
IN: What benefits, if any, do you believe modelling complex assets in this way will bring to 
HCP? 
55 
I01: Whoa, there’s a question, erm, I think there is something clearly there about if no-one 
else is doing this there’s got to be a USP to get out there. If we could find a way to sell that 
as a product and demonstrate that there is more evidence and assurance around some of 
this stuff, not just in stripping out lifecycle, but those organisations that are non-PFI and don’t 
actually have a lifecycle pot but more a lifecycle budget. There’s certainly something  
60 
within that. I think within the current portfolio, erm, I think it’s incumbent on us to optimise 
these projects anyway so if the work that you’re doing helps to bring some security into what 
we can strip out of lifecycle with confidence then I think it’s positive for HCP on a number of 
levels. 1, it retains MSAs. 2, it increased our position in the market but also I think there’s 
something in there that’s a bit pink and fluffy but it seems to do a good job  
65 
and looks really positive. 
IN: Do you think there is a need for such visualisation techniques to advance the field of 
lifecycle costing and management? If so, why? 
Hmm, right here and now, no however, I think if you have the conversation about any sort of 
advancement and technology or systems and processes it takes time and people sticking  
70 
to their guns to make things happen. I suspect if we were having a similar conversation in a 
number of years’ time the answers probably yes. It comes back to me that there’s always 
horses for courses. It’s not going to work for everybody and I think that it would be foolish to 
think that it would. I suspect it’s the sort of thing that if it became industry norm then of 
course it will become what people expect and dare I say it a minimum in future. 
75 
IN: Do you feel that the model helps to increase clarity to the process of lifecycle? If so, 
which stakeholders do you believe could benefit from such a tool? 
I01: I think all of the previous really. Yes, in some cases it’s going to help and some of the 
stakeholders that will benefit will be the ones that see it for what it is and almost bring 
together a few with a little scepticism like me. It goes back to earlier and digging into the  
80 
detail of the kit the elemental view leads onto better things. In terms of which stakeholders 
will benefit I think it’s going to be a personal thing and dependent on whether they can get 
their head around the concept. 
IN: In terms of winning work and displaying our skill set as a business, do you believe that 
this tool could be used as part of a business proposition for HCP going forwards?  
85 
I01: Yes, absolutely and I think the cutting edge of being able to put something out there that 
says ‘this is new, no one else is doing this at the moment but you mark my words they will all 
be doing it in 10 years’ time or 15 years’ time’ or whatever will absolutely be a sell. Both in 
terms of showing HCP as a company that is modern and moving forwards and not just staying 
in its ways as the rest of PFI tends to be but also in terms of that it will also get  
90 
people’s attention even if they don’t believe in its entirety what it is that you’ve put in front 
of them. But I sign up to the fact that if we put ourselves forward as being innovators and 
people like you in the organisation that can turn that conceptual stuff into reality then the 
impression people have of HCP is different to one of us just plodding and being as good as 
the next. I think there’s lots of opportunities there in terms of presentation and perception  
 
of the organisation in the wider world. 
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Interview 02 Transcript 
 
5 
IN: How did you perceive the video presented on the PALM model at the HCP Board 
Meeting on December 8th 2015? 
I02: I think the overall visual evidenced a lot of work and I think the quality in my view was 
very good. There are certain aspects which I thought were quite helpful in a sense that it 
represented an overall system if you will. I think you gave me the knowledge  
10 
of how extensive that system really is which I think enhances the investors and decision-
makers’ appreciation of some of the complexities in decision-making. It’s not just one unit or 
a series, it’s actually a whole system you need to consider. Erm, I think there was a lot of 
flying through and seeing this collection of units which was helpful, beneficial. Personally I 
think we could have lessened the amount of time we spent on  
15 
the system as a whole as opposed to the individual components. From memory I think the 
system allows for visualisation of internal components of each unit. By equally I think it would 
have been nice to see you fly all the way into the centre of each subcomponent of the unit 
and make explicit the lifecycle implications of the funding model and the wider system as a 
whole. I think that would be something that would  
20 
be interesting to explore in future visualisations. Overall I thought that it does highlight that 
model may be applied to other systems as well. So here we are modelling AHUs but 
elsewhere is could be M&E and other systems that form part of the long-term lifecycle of the 
Barts building or any other building for that matter. I think that was a good message, I could 
see a full model of an entire building and which  
25 
key components or parts are subject to lifecycle expenditure in year 1, year 2 year 5 and 
throughout the whole concession which I think is visually very powerful and it brings home 
the complexity and I think it does aid in appreciating in the scale of any potential investment. 
I think also possibly linking the units to areas of criticality of which they are located brings 
home the message that some units are more important  
30 
than others for the [purposes of ensuring performance. That’s already highlighted in the 
model through virtue of different colour schemes but maybe some of the context around the 
location of the unit may be a future possibility. I thought it was helpful, as you’re aware I am 
already pushing for this model to be combined with some of the analytics in our funding 
model so that visually or presentationally you get the visual  
35 
of the component alongside the analytics. I think the two juxtaposed would be quite powerful 
for the investor as you present to them. 
IN: A part of the video illustrated a smoother profile in comparison to the current SAM 
model for the same assets (this is based on replacement of the part rather than the entire 
AHU). Results have shown that there could be more than £1m in surplus budgeted for  
40 
 
 
 
lifecycle at Barts. How would visualising how this lower figure has been achieved via the 
PALM model impact your level of confidence in the lifecycle of air-handling units at Barts? 
I02: I think this is probably the area of what could have been brought out more forcefully in 
the presentation. What I took away from the visualisation was the different colour schemes 
underpinned by the model calculations and criticality. What I didn’t get was the sense of 
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45 
time perspective, so when does this actually happen. I do think that your suggestion of 
looking at savings via individual subcomponents plays to my first comment namely that in the 
fly through you could have a focus on the subcomponents, thereby telling the story that by 
replacing subcomponents’ there’s a significant economic benefit accruing to the lifecycle 
budget. 
50 
IN: The model shows what is being proposed to be replaced via an RGB visual over time. 
The profile is underpinned by real cost data collected across HCP hospitals. So, how do you 
believe the model better informs decision-making at a strategic level? 
I think as an investor or decision-maker I would probably expect to have the summary of the 
analytics presented to me first so that the assumptions and wider parameters of the capex  
55 
investment is made explicit before. I think then the visualisation enhances where exactly 
there is impact within the wider system and it may also enhance your understanding of what 
the subcomponents are saying according to the investment choice. Again, having an 
understanding, I’m not a technical person, but having an understanding of what an air-
handling unit actually looks like and what these subcomponents actually look like, the context  
60 
in which they placed, some of the issues which may be given rise to their replacement I think 
is informative and very useful. And perhaps also just understanding the quantities involved, 
not from a financial perspective but from a simple quantity perspective. How many 
components of X, Y, Z are there, do we have those? Are they obsolete? Do we need to buy 
them from eBay? Etc etc etc Those sort of ramifications I think would be quite good but I  
65 
think the visualisation component does add an understanding of the physical parameters you 
have to operate in to in order to actually deliver a replacement strategy. 
IN: Removing yourself from the current situation at Barts (as we are all aware of the difficult 
times the project faces at current), would similar visual modelling techniques increase 
confidence in your ability to be able to suggest distributions of the surplus lifecycle  
70 
attributed to these assets? 
I02: I think the strength of the visualisation component is to visualise the strategy that you 
choose based on the risk appetite level so whether it’s an optimistic, conservative, balanced 
or recommended approach I would expect that with each scenario you choose you get a 
better understanding of the extent of your decision and that’s useful. Underlining the 
differences between a conservative balanced and optimistic scenario will impact critical units  
75 
around the facility and they gain an understanding of how that impacts the wider and softer 
service objectives. For example, in respect of pleasing the client the NHS trust in that we will 
have a facility that is available that is conforming to requirement and contractual 
expectations. So I think that visualising different financial scenarios as set out in your graph 
would be useful. My suggestion would be that in the interest of time you could focus on the  
80 
extremes. So what’s the difference between the conservative, flythrough and optimistic, fly 
through, and I think that would be quite powerful. It’s almost an infographic, a moving 
infographic. An infographic has two key components, a visual and then the info and some of 
the info in terms of cold numbers could be extracted as part of the visualisation and would 
be interesting to explore. But again that may equally be achieved by having a sequential  
85 
presentation. A. This is the cumulative profile of scenario X, Y and Z. This is the financial 
implication and this is the visualisation of the strategy. I think that may achieve the same 
affect and I think there would be benefit. My suggestion as a decision-maker would be 
probably to base 80 or 70% of the decision-making on the numbers and 20-30% on the 
visualisation. It will be an important dimension.   
90 
IN: What benefits, if any, do you believe modelling complex assets in this way will bring to 
HCP? 
I02: Well I think if you think about the types of clients that we have they are like me, 
financially educated. So there’s an emphasis on the financial impacts of lifecycle strategy. 
Erm and I think the visualisation brings home some of the technical complexities in terms of 
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95 
what’s the asset? What does it look like? Where is it located? How many are there? How does 
it fit into the overall fabric of the facility? What are the critical areas around the facility? Erm 
I guess also it may give rise to what are the potential risks to the whole facility if any or the 
whole system should be compromised? So I think as I mentioned before, understanding 
what’s inside the asset would be quite useful and that visualisation will make it easier to  
100 
gauge some of the risks associated with the financial appraisal of each of these scenarios. So 
I think there’s a subtlety of understanding the system which a technical person who is in that 
environment every single day has which the visualisation brings to the financial decision-
making and I think that’s of value so in terms of the wider benefits to HCP I think there could 
be quite some value in using this technology in, and pardon my terminology if its incorrect, a  
105 
visual BIM model which you could both use to present to investors but possibly also used to 
instruct your service providers in better maintenance strategies, and making us more 
efficient. I can easily see how an investor would be impressed with presentation which allows 
them to visualise, say you have whole systems modelled and you want to tell them about the 
critical components of the system as a whole, this brings in one fell swoop you’d be able to  
110 
highlight all red categories, you’d be able ti identify them, visualising them in 3 dimensions 
throughout the whole complex building would be powerful and they would be able to 
understand, what are the complexities? What are the implications of the decision-making? 
Which is very difficult to gleam from a couple of lines on an expenditure graph. 
IN: Do you think there is a need for such visualisation techniques to advance the field of  
115 
lifecycle costing and management? If so, why? 
I02: I think my previous answer tried to articulate a latent need. If you go out and ask an 
operator on the floor at barts looking after AHUs could they articulate a current need at this 
time? I suspect not. Could you present them with something and then they would understand 
their need? Probably yes, I think there’s a bit of marketing and promoting here. My intuition  
120 
tells me that this should form part of an operational BIM visualisation model, I think that 
would be powerful. I haven’t seen any such models but I think it would be quite interesting 
to develop that capability and integration between the two because then it makes everything 
very real. What do I need to do? Here’s my plan for today. How do I replace that component? 
If you could embody this stuff and deliver it using a pair of google glasses you know, that  
125 
would be a great tool for an operator to have and that would make them far more efficient 
in delivering their service.  
IN: In terms of winning work and displaying our skill set as a business, do you believe that 
this tool could be used as part of a business proposition for HCP going forwards?  
I02: Yeah absolutely. My concern is the amount of time it takes to generate the visuals, no  
130 
doubt you worked very hard and I’d be scared considering the cost of the amount of hours 
you’ve put into it so that needs to be looked into. But there’s no doubt that if you can develop 
a visual model of an entire building or subset of the 10 most critical assets say, erm, that 
would be something that would be useful in persuading the other parties in the technical 
prowess of this business and the level of detail and understanding of the basics of  
 
the assets under management. I think that would be a powerful message because you can’t 
visualise something unless you have a very intricate and robust data set and that speaks 
volumes to people who might contemplate taking on the services of HCP. 
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Interview 03 Transcript 
 
5 
IN: How did you perceive the video presented on the PALM model at the HCP Board 
Meeting on December 8th 2015? 
I03: Well as I think I mentioned at the time, following comments: one, I think it was too long 
erm, too, there should have been a little bit more explanation because although I was aware 
of what it was saying I was conscious that somebody perhaps who hadn’t had that  
10 
background in it would not follow what you were trying to portray in it. I think I’d also say 
that I don’t think you brought out the work that you’ve really done so far, I don’t think it gave 
credit to what you’ve done so far. I mean clearly the graphics are impressive, and so is the 
production itself so I have nothing to say regards to that. I mean god knows how you do it 
but you’ve done it and well done so from that perspective it’s good but it didn’t really hit the  
15 
point with me. 
IN: A part of the video illustrated a smoother profile in comparison to the current SAM 
model for the same assets (this is based on replacement of the part rather than the entire 
AHU). Results have shown that there could be more than £1m in surplus budgeted for 
lifecycle at Barts. How would visualising how this lower figure has been achieved via the  
20 
PALM model impact your level of confidence in the lifecycle of air-handling units at Barts? 
IO3: I have to see that doesn’t surprise me, what does surprise me is that CIBSE provides 
guidance to such a level of detail. Okay so let’s just take that point then, so what you’re saying 
is the consequence of what we’re looking at here (picks up cumulative lifecycle chart – figure 
x) is that A, we are removing the big area of expenditure currently in the model, so from a  
25 
cash flow point of view it looks much better and secondly then the actually from a cumulative 
point of view you’ve got more than a marginal saving you’ve got a £1m saving there. So what 
15-20% saving by doing it that way. So your question was, visually how can you show that? 
So you were showing the AHUs and hot spotting the different parts which needed 
replacement. I think in truth the graph says a lot. An immediate question anyone would ask  
30 
when making a decision would be ‘hang on, I can’t afford that’ and maybe what we ought to 
have on here is the model cash flow against that. So firstly do we have enough money to do 
that because if that black line (option C) is that same as what’s in the model then you could 
say that you can’t actually do the work. So there may actually be a need to delay that. I think 
what you’ve gotta do is couple that up with the visualisation so that you’re looking at the  
35 
AHU and you’ve got the graph sitting alongside it and so from that perspective the starting 
point would almost be a black box of the whole unit and what we are saying at the moment 
is that were gonna lift the whole damn thing out and replace it, well that ain’t gonna happen 
– which is that line there (Option C). So your next stage is to say were taking this bit, this bit, 
this bit, this bit, and you’re starting to get an appreciation to somebody who doesn’t know  
40 
about and air-handling unit and that actually I can now understand the rationale for doing it 
like that (Options 1-4).  
IN: The model shows what is being proposed to be replaced via an RGB visual over time. 
The profile is underpinned by real cost data collected across HCP hospitals. So, how do you 
believe the model better informs decision-making at a strategic level? 
45 
I03: Well I think it better informs it because you’re starting to get out a theory and you’re 
starting to go down into the detail and it’s backed up by actual information. I have to say, what 
I don’t know where CIBSE gets their information from. So the stuff that’s out there, where 
does that come from? Manufacturers who say yeah this is what I’m thinking? And where are 
the manufacturers getting that from? You know, is it true data they’re using or  
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50 
some guy in the office saying ‘oh yeah I remember when we did that, that’ll last…’ you know, 
some old sage who, don’t get me wrong has probably got a good feeling of it but who actually 
is it really accurate information? So that to me is the big difference. Here we are splitting it 
down and we’re starting to get real data rather than assumed data. Thinking about the other 
aspect involved here is risk. And by that what I mean is if you were to say generally we think  
55 
this item of kit will last erm 5 years and we’ll replace it after 5 years what I think we’re saying 
is we think that piece of kit is gonna last 5 years and we’re just gonna take the whole thing out 
and put a new one right in. So what does that mean, you’ve got another 5 years at pretty low 
risk. So what I think you would need to overcome if you were making the decision is by doing 
it like this and not having the wholesale replacement am I actually increasing my risk  
60 
or not? Because in theory if you’ve got something brand new in there you’re starting again. So 
statistically perhaps replacing a part could increase the risk of the entire system. I suppose if 
you are breaking it down into 1300 or so items, you can probably start to show those areas 
which are high risk. So say we’ve assumed said failure of said points, in future you can assess 
whether this was correct and if not what the other bits and pieces which actually fail sooner  
65 
are. So from a critical spares point of view, we’ll know what parts we need to hold. So as I 
mentioned, from a risk point of view, it just starts to reduce that risk. 
IN: Removing yourself from the current situation at Barts (as we are all aware of the difficult 
times the project faces at current), would similar visual modelling techniques increase 
confidence in your ability to be able to suggest distributions of the surplus lifecycle  
70 
attributed to these assets? 
I03: Umm, I think to be frank, in itself, you know put the visual model up on the screen by 
itself I would say no it doesn’t in itself. But I think it is an aid to a whole suite of stuff that says 
this is how it’s done. So I think from this point of view I see it as an aid when people are sat 
round the table and whether that, quite frankly, is investors, whether it’s probably not the 
TA,  
75 
because the TA tends to be a technical person that is down in the weeds there that knows it 
all anyway. But I do think that it would help with regards to the funders so the actual banks 
rather than the TAs. But again from a TAs perspective maybe it’s a tool he can use in 
convincing and talking with his bosses who are the funders so I think as I say, I see it as not 
an end in itself but as an aid in the whole process about giving confidence. 
80 
IN: Do you think there is a need for such visualisation techniques to advance the field of 
lifecycle costing and management? If so, why? 
I03: Need. In other words, will it advance without it? Is it absolutely essential to it, no I don’t 
think it is, I’ll be absolutely honest? As I say, I think it’s a good aid. But it adds to the melange 
of things which tell the whole story. I mean in time actually, thinking about it, in time it could  
85 
be the sort of vehicle that…the core in which you could potentially start adding things on 
around it I suppose, whereas at the moment it’s part of it, in time it’s actually the core of it 
and you’re adding stuff around it so it actually is the main driving engine potentially for it.  
IN: Do you feel that the model helps to increase clarity to the process of lifecycle? If so, 
which stakeholders do you believe could benefit from such a tool? 
90 
I03: I think yes it does and it’s the stakeholders who are the non-technical stakeholders. I 
think that’s it, I mean you speak to some people and say an air-handling unit and they don’t 
know what the hell you’re talking about so some people are actually at that level so I think 
that firmly it’s the non-technical, it’s the financial people that are involved and stand to gain 
something from this. 
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IN: In terms of winning work and displaying our skill set as a business, do you believe that 
this tool could be used as part of a business proposition for HCP going forwards?  
I03: Definitely. Yeah, without a doubt. I mean I think from a selling point of view I think it’s 
ideal. It’s great. The danger is that you don’t have enough back up, so having the combination 
of it all as you do it works well. Visual is a good focal point and this is excellent in that regard 
